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Abstract
We have entered a new era of radio astronomy where the low radio frequency (< 300 MHz) sky is
accessible to astronomers at a level of detail never before attainable. In particular, radio surveys are
now being completed with incredibly wide fractional bandwidths, which can be exploited to study
the unique radio spectra of gigahertz-peaked spectrum sources (GPS) and compact-steep spectrum
(CSS) sources.
GPS and CSS sources have been hypothesised to be an early stage of radio galaxy evolution
due to their small scale morphologies. However, such an interpretation is contentious as there is
evidence that these sources are not young but are confined to small spatial scales due to a high
density circum-nuclear medium. One of the reasons that there has not been a resolution between
these two competing hypotheses is because the absorption mechanism responsible for the turnover
in their radio spectra remains ambiguous.
In this thesis we produce high quality, low frequency spectra of GPS and CSS sources to test
the dominant absorption mechanism in the population. Specifically, we want to understand if the
properties of low radio frequency selected GPS and CSS sources are consistent with these sources
being the precursors to giant radio galaxies. We also report the lowest frequency detection of the
remnant of Supernova 1987A, constraining the properties of the circumstellar medium created by
the progenitor when it was in its red supergiant phase.
We first present PKS B0008-421 as the most extreme GPS source, with the steepest known
spectral slope below the turnover and the smallest known spectral width of any GPS source. We
find that free-free absorption is responsible for the turnover in the spectrum and, combined with the
presence of a spectral break, indicates that the source has ceased nuclear activity. The discovery
of PKS B0008-421 demonstrates that it is possible that the GaLactic and Extragalactic All-sky
Murchison Widefield Array (GLEAM) survey could reveal a population of GPS sources that have
ceased nuclear activity.
A major difficulty in producing a widefield survey with an aperture array, such as the GLEAM
survey, is correctly modelling the primary beam. We introduce a novel technique that empirically
measures the primary beam of the MWA to the 10% power level. We also highlight that the simulated
beam model of the MWA produces a declination dependence in the flux density scale, which we
correct for in the GLEAM survey.
This thesis then describes the production of the GLEAM extragalactic catalogue. The GLEAM
survey represents the widest fractional bandwidth radio survey to date, and calibrates the low-
frequency flux density scale of the southern sky to better than 10%. This provides a database of high
quality low frequency spectra. The GLEAM extragalactic catalogue contains 307,455 radio sources
south of declination +30◦, with 20 separate flux density measurements between 72 and 231 MHz.
We estimate that the catalogue is 90% complete at ≈ 160 mJy, and is 99.97% reliable above 50 mJy.
We then use the GLEAM extragalactic catalogue to double the number of GPS and CSS sources
known. Using this sample, we demonstrate the possibility of identifying high redshift (z > 2)
galaxies as sources with steep optically thin spectral indices and low observed peak frequencies. The
5 GHz luminosity distribution of the sample lacks the brightest GPS and CSS sources of previous
samples, implying that a convolution of source evolution and redshift influences the type of GPS and
CSS sources identified below 1 GHz. We also discuss the inconsistency of the standard radio galaxy
evolutionary model with the presence of sources with high power and low intrinsic peak frequencies,
suggesting that the current evolutionary model is incomplete. Finally, six sources are identified that
have optically thick spectral indices that are steeper than the synchrotron-self absorption limit.
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1Introduction
1.1 Survey science
Sky surveys are a cornerstone upon which astrophysical research has been built since
monitoring and mapping the sky gave rise to the science of astronomy. When a new
domain of an observable parameter space opens up, such as a previously unexplored
electromagnetic frequency regime, a survey is often the first program completed. This
is because a survey reveals the objects and phenomena that populate the new parameter
space, provides enough data to study astronomical sources statistically, and is the best tool
to discover rare and unknown objects. The traditional targeted observations of astronomy
are also driven by the systematic manner in which surveys observe the sky, with surveys
providing the targets for detailed studies (see Djorgovski et al., 2013, for a general review
of surveys in astronomy.).
The types of surveys performed in astronomy are often shaped by the development of
new technologies. An example of the central role technology has in shaping the science
derived from surveys is the development of radio astronomy. The discovery by Jansky
(1932, 1933, 1935) that the Milky Way was emitting at radio wavelengths represented the
opening of a new parameter space to observe the Universe. While the first observations
of the radio sky were performed by Jansky (1932) and Reber (1944), the field remained
largely focussed on solar and Galactic background studies (Sullivan, 2009). It was not
until the end of World War 2 that the development of sophisticated radio electronics and
observing techniques improved the sensitivity and the resolution of radio observations to
the point that the pioneers of the field realised they were also observing “discrete” radio
sources.
The evolution of the surveys of these discrete radio sources can be used to demonstrate
how surveys have heavily influenced the development of radio astronomy and the type
of science derived from it. This thesis is focussed on producing a new wide-field radio
survey, and we will thus place the advancement made in producing this survey, and the
type of science that it facilitates, in context with a review of past radio surveys. Note that a
complete historical analysis of radio surveys is beyond the scope of this thesis. The aim
of the summaries presented is to highlight how surveys of the radio sky have evolved and
what technology facilitated the evolution. In doing so, we will provide context to the type
of scientific impact the survey presented in this thesis will have.
1
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1.2 Evolution of wide-field radio frequency surveys
In this thesis, we define a wide-field radio survey as a survey that has been conducted
between 20 MHz and 20 GHz and covers more than one steradian of solid angle (≈ 8% of
the observable sky). This definition is at the exclusion of specific studies of deep fields
or highly specialised surveys that only target a specific type of known sources. Since
the science in this thesis is concerned with sources in radio continuum, we also exclude
spectroscopic and high time resolution radio surveys from the following discussion.
To compare different radio continuum surveys, we note that a radio continuum survey
can be characterised by the following observable parameters:
1. Frequency
2. Survey flux density limit (proxy for sensitivity)
3. Angular resolution
4. Bandwidth
5. Area of sky covered
6. Number of epochs
7. Polarisation
Two other important non-observable survey parameters are the number of sources surveyed,
which is correlated to all of the observable parameters, and the date the survey is published.
Since a sky survey can only cover a finite portion of the observable phase space defined
by these parameters, comparisons of surveys are difficult. However, the scientific discovery
potential and impact of a survey can be assessed by studying the evolution of the observable
parameters with time (Djorgovski et al., 2013). In particular, it is noted that when a new
frequency regime is probed, or an order of magnitude improvement is made in one of
the listed observable parameters, new discoveries are much more likely and the scientific
impact of the survey is usually significant (Harwit, 1981; Ekers & Kellermann, 2011; Dick,
2013; Condon, 2015).
We list the observable parameters, and the number of sources surveys and date pub-
lished, for all wide-field radio continuum surveys that conform to our definition in Table
1.1. Shown in Figure 1.1 is the change in the total number radio sources surveyed with time.
Figure 1.1 provides an excellent reference to anchor the following discussion because the
number of sources catalogued in a survey is a convolution of all the observable parameters.
The clustering of surveys in Figure 1.1 also justifies grouping surveys into eras when
different scientific, technical, and philosophical agendas governed the type of surveys
completed. For example, the early investment in surveys until the mid-1960’s, a dearth of
surveys until the 1990’s, and then a boom in survey science until today is evident from the
clustering of surveys in Figure 1.1. This grouping of surveys is discussed in more detail
below.
Table 1.1: A summary of the observable parameters for all wide-field radio continuum surveys of discrete sources that meet
our definition. We do not list the number of epochs since all surveys below have published only one epoch of data. The listed
year of publication corresponds to the year the first portion of the survey data entered the literature, as opposed to the when the
final catalogue is released. Such a choice was made because often the first data released generates the highest scientific return
for the survey. For some surveys, the angular resolution varies with declination, or a particular observing technique is used
to vastly improve the nominal survey resolution. We only report the highest resolution attained by the survey telescope in its
regular observing mode. NVSS and AT20G are the only surveys listed below that produced full polarisation information, and the
parameters listed for MSSS-HBA are those predicted by Heald et al. (2015). While the PKS and AT20G surveys reported multiple
frequencies, the surveys were performed at 408 MHz and 20 GHz, respectively. The other reported frequencies are from follow-up
observations.
Survey Name Date published Frequency Survey limit Resolution Bandwidth Sky area No. of sources Reference
MHz Jy ′′ MHz str
Hey 1946 64 1000 7200 4 8.6 1 Hey, Phillips & Parsons (1946)
Bolton 1948 100 80 4000 8 3.1 9 Bolton (1948)
1C 1950 81 30 4000 9 5.3 50 Ryle, Smith & Elsmore (1C; 1950)
Mills 1952 101 80 3600 7 11.1 77 Mills (1952)
BSS 1954 100 40 3600 8 3.3 104 Bolton, Stanley & Slee (BSS; 1954)
2C 1955 81 10 3600 7 10.1 1936 Shakeshaft et al. (2C; 1955)
MSH 1958 85.5 10 3000 4 7.3 2270 Mills, Slee & Hill (MSH; 1958)
3C 1959 159 8 3100 1 8.3 471 Edge et al. (3C; 1959)
3CR 1962 178 9 2600 1 6.8 328 Bennett (3CR; 1962)
4C 1964 178 0.7 150 4 6.9 4844 Pilkington & Scott (4C; 1965)
PKS 1964 408, 1410, & 2700 4 480 8 7.5 1780 Ekers (PKS; 1969)
OSS 1970 1415 0.2 600 100 8.7 19620 Dixon & Kraus (OSS; 1968)
B2 1970 408 0.25 120 2 1.8 9929 Colla et al. (B2; 1970)
PKS 2700 1971 2700 0.25 180 200 9.0 8264 Wall et al. (PKS 2700; 1971)
CCA 1973 80 & 160 2 & 1 220 & 100 1 7.0 2213 Slee (CCA; 1995)
MRC 1981 408 2 120 2.5 7.9 12141 Large et al. (MRC; 1981)
87GB 1991 4850 0.025 200 600 6.0 54579 Gregory & Condon (87GB; 1991)
PMN 1994 4850 0.03 210 600 4.5 50814 Gregory et al. (PMN; 1994)
7C 1995 151 0.2 70 0.8 1.7 43683 Hales et al. (7C; 2007)
TXS 1996 365 0.4 30 30 9.6 66841 Douglas et al. (TXS; 1996)
GB6 1996 4850 0.02 198 600 6.1 75162 Gregory et al. (GB6; 1996)
WENSS 1997 330 0.02 54 5 3.2 229420 Rengelink et al. (WENSS; 1997)
MIYUN 1997 232 0.2 230 1 3.1 34426 Zhang et al. (MIYUN; 1997)
FIRST 1998 1400 0.001 5 3 3.2 382892 White et al. (FIRST; 1997)
NVSS 1998 1400 0.003 45 50 10.3 1773484 Condon et al. (NVSS; 1998)
WISH 2002 352 0.02 60 40 1.6 77414 De Breuck et al. (WISH; 2002)
SUMSS 2003 843 0.006 45 3 1.1 134870 Bock, Large & Sadler (SUMSS; 1999)
VLSSr 2007 73.8 0.35 75 1.56 9.2 92964 Lane et al. (VLSSr; 2014)
AT20G 2010 4800, 8640, & 20000 0.04 10 8000 6.3 5890 Murphy et al. (AT20G; 2010)
TGSS 2016 147 0.012 25 16.7 11.3 623605 Intema et al. (TGSS; 2016)
GLEAM 2016 72–231 0.05 120 30 7.4 305615 Hurley-Walker et al. (GLEAM; 2017)
MSSS-HBA 2017 112–165 0.02 45 16 6.1 175000 Heald et al. (MSSS-HBA; 2015)
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Figure 1.1: The change in the number of sources surveyed with time for the wide-field
radio continuum surveys listed in Table 1.1. The survey names are annotated next to their
respective points. The colour of each point corresponds to the frequency of the survey,
communicated by the colour bar in the top-left corner. The red line represents the best fit
exponential to the data, demonstrating the typical number of sources in wide-field radio
continuum surveys roughly doubles every ≈ 5.4 years.
1.2.1 Exploring the new parameter space: 1946 – 1954
The role of surveys as an initial exploration of a newly opened electromagnetic frequency
regime is exemplified by the earliest radio surveys. The main aim of these early surveys
was to find the kind of objects and phenomena that occupy the sky at radio frequencies.
While the observations of Jansky (1932, 1933, 1935) and Reber (1944) confirmed that the
emission they were detecting was extra-solar in origin, it was Hey, Parsons & Phillips
(1946) who discovered that some of the observed “Galactic” emission was likely coming
from an area less than 2◦ in size. This identification of the radio source Cygnus A as
being discrete heralded the beginning of radio source cataloguing, as the pioneers could
be confident that at least some of the radio emission they were observing was originating
from discrete sources.
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The work of Hey, Phillips & Parsons (1946) was quickly followed by a survey of a
quarter of the celestial sphere using sea-cliff interferometers in Australia and New Zealand
by Bolton (1948), confirming the existence of nine other bright discrete radio sources.
The relatively high resolution of the sea-cliff interferometer allowed for the first plausible
link to be made between radio astronomy and optical astronomy (Bolton, Stanley & Slee,
1949), with the identification of Taurus A with the Galactic Crab nebula, and Virgo A and
Centaurus A with what appeared to be potentially extragalactic objects.
This connection between radio astronomy and what was considered traditional astron-
omy drove the surveys that followed towards higher resolution. This is so the early radio
astronomers could make reliable optical identifications and exploit the understanding of the
objects already derived by optical astronomers (Sullivan, 2009). The first Cambridge sur-
vey (1C; Ryle, Smith & Elsmore, 1950), a survey by Mills (1952), and a survey by Bolton,
Stanley & Slee (1954, hereafter BSS) were soon completed using a maturing understanding
of interferometry and improved low-noise amplifiers, switching, and recording techniques.
While the positional agreement between the surveys was problematic, these first radio
surveys performed an initial exploration of the radio sky and had provided suitable targets
for detailed follow-up observations (Sullivan, 2009). By 1954, the optical discovery of
Baade & Minkowski (1954) that Cassiopeia A was associated with a supernova remnant
and that Cygnus A was associated with an extragalactic object, and over two hundred radio
sources catalogued, the field matured to use surveys to statistically study astronomical
sources. For example, radio astronomers could now use surveys to measure the source
distribution, to understand the radio emission mechanism, and to test cosmological models.
1.2.2 The statistical and cosmological drive: 1954 – 1971
Through the initial exploration of the radio sky by the first surveys, radio astronomers were
aware that the radio sources were isotropically distributed across the sky. However, the
survey by Mills (1952) had shown that radio sources could be divided into two classes when
considering the sky distribution of the number of sourcesN of a flux density S or greater (a
so called log N -log S distribution). The Mills (1952) survey demonstrated that one radio
class retained an isotropic sky distribution and the other, brighter class was preferentially
located at low Galactic latitudes. Due the discoveries of Baade & Minkowski (1954)
and the result of Mills (1952), the radio astronomy group at Cambridge was becoming
confident this first class was mostly composed of extragalactic sources (Edge & Mulkay,
1976). Using a interferometer that had a large collecting area and a new phase-switching
receiver, the Cambridge group produced the second Cambridge survey (2C; Shakeshaft
et al., 1955). The 2C survey contained 1936 sources, an order of magnitude increase in
the number of radio sources surveyed at that time. Unfortunately, many of the sources
contained in the 2C survey were not real due to mishandling of the issue of confusion,
where a detected source is a product of multiple faint sources being present in the response
of the radio telescope. The superior Mills, Slee & Hill (1958, 1960, 1961, hereafter MSH)
survey was completed at a similar time, representing the Southern Hemisphere counterpart
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to the 2C survey, and was not impacted by confusion. However, the MSH survey did fail
to correctly account for extended sources (Milne & Scheuer, 1964; Scheuer, 1965).
The 2C and MSH surveys were very successful because they increased by an order of
magnitude the number of radio sources with positions known to better than 1◦. The number
of extragalactic sources catalogued by the 2C and MSH surveys also opened up an entirely
new field in which radio surveys could impact, with both surveys providing enough sources
to test the accuracy of cosmological models. While the controversy of confusion impacted
the acceptance of the cosmological results that came from the 2C survey, a controversy
that remained until the third Cambridge survey (3C; Edge et al., 1959) and its own revision
(3CR; Bennett, 1962) were completed, the 2C and MSH surveys provided the first evidence
that the Big Bang theory was the accurate description of the evolution of the Universe.
Note that although the MSH survey was of high quality, and the raw data was consistent
with the Big Bang hypothesis, the authors made the wrong correction for the effect of
extended sources and claimed that it was consistent with Steady State theory (see Edge &
Mulkay, 1976, for the complete outline of how radio source counts impacted cosmology).
Surveys in this era had catalogued an adequate number of sources to also solve some of
the outstanding problems of radio astronomy. For example, radio astronomers could now
statistically study the radio emission mechanism for extragalactic sources and the different
morphologies of radio sources. Computers were also beginning to be sophisticated and
accessible enough that handling Fourier transform inversions required in aperture synthesis,
a process of combining data from the many radio telescopes to produce an image, was
becoming easier. From this era onwards, the type of the surveys performed would be
intimately linked to advances in information technology (Kellermann & Sheets, 1984).
The fourth Cambridge survey (4C; Pilkington & Scott, 1965), the Parkes 408 and
2700 MHz surveys (PKS; Ekers, 1969; Wall, Shimmins & Merkelijn, 1971), the Ohio
sky survey (OSS; Dixon & Kraus, 1968; Kraus, 1977), and the second Bologna survey
(B2; Colla et al., 1970; Fanti et al., 1974) were completed in the mid-1960’s to 1971
using a growing sophisticated understanding of receivers, correlators, interferometry, and
some of the first computer programs to produce maps of radio sources. In particular,
the biggest advance came in being able to sample and store the data digitally. These
wide-field surveys observed with frequencies significantly higher than the first surveys,
improving the resolution significantly and hence the chances of finding convincing optical
counterparts. Also, the PKS survey represented a significant advance in survey science
since it followed up the detection of sources at 408 MHz with 1.4 and 2.7 GHz observations
(Bolton, Gardner & Mackey, 1964). Such multi-frequency data allowed radio astronomers
to compile accurate radio continuum spectra, generating spectral classification of sources.
1.2.3 The targeted observation era: 1971 – 1991
With the sky below 500 MHz nearly completely surveyed to a limiting flux density of
≈ 0.2 Jy1, radio astronomers began to move away from surveying the low frequency
1A jansky (Jy) is a non-SI unit of spectral flux density, where 1 Jy = 10−26 Wm−2Hz−1.
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radio sky using aperture arrays, which focus incoming radiation by varying the delay
electronically across the aperture, to high frequency targeted studies of sources using
mechanical parabolic dishes. Such an evolution was because higher frequencies permitted
higher resolution measurements to be made, greatly improving the reliability of cross-
matching radio sources with existing optical catalogues and sophisticated synthesis imaging
facilitated highly detailed morphological studies. Additionally, improved receivers meant
astronomers could observe at higher frequencies and retain excellent sensitivity, and
avoid the impact of the ionosphere. This progress towards building high frequency, high
resolution radio telescopes came at the sacrifice of being able to easily complete wide-field
radio surveys since the observing time required was very high and the data rates too large
to handle with contemporary computers (Junklewitz, 2014).
Therefore, only two wide-field radio surveys were completed between 1971 and 1990,
the Culgoora Circular Array (CCA; Slee, 1995) survey and the Molonglo Reference
Catalogue Large et al. (MRC; 1981). Both of these surveys were performed by either
exploiting facilities that were either built for other radio astronomy purposes or not suited
to performing high resolution imaging. Due to the similar frequencies of observations and
sensitivity limits of previous surveys, MRC and the CCA survey did not have the same
level of scientific impact as their predecessors.
This targeted observation era was about consolidating and interpreting many of the dis-
coveries made during the previous two eras. While few wide-field surveys were completed,
great progress was made in understanding and modelling the different morphologies of
radio sources (e.g. Fanaroff & Riley, 1974; Blandford & Rees, 1974).
1.2.4 The information technology era: 1991 – 2009
By 1990, progress in information technology meant that it was again feasible to conduct
wide-field surveys but at much higher resolutions, sensitivities, and frequencies using
parabolic dishes. The development in information technology facilitated improved digital
signal processing and data reduction algorithms, and meant that the data rates generated
by new receiver technology, such as multi-beam receivers, was manageable. The desire
to again pursue wide-field surveys was supported by the community, which thought that
probing the entire radio sky at higher resolutions and sensitivities could unveil radio sources
that were not traditionally observed by previous surveys (Condon et al., 1998). The first
high frequency surveys were completed using single dish telescopes with multi-beam
receivers, such as the 4.85 GHz MIT-Green Bank (87GB; Gregory & Condon, 1991) and
the Parkes-MIT-NRAO (PMN; Gregory et al., 1994; Wright et al., 1994) surveys.
These single dish surveys were soon followed by surveys conducted using the incredibly
powerful radio interferometers, such as the Westerbork Synthesis Telescope (WSRT), the
Molonglo Synthesis Telescope (MOST), and the Very Large Array (VLA). The most
notable wide-field surveys completed were the 325 MHz Westerbork Northern Sky Survey
(WENSS; Rengelink et al., 1997), the 843 MHz Sydney University Molonglo Sky Survey
(SUMSS; Bock, Large & Sadler, 1999; Mauch et al., 2003), the 1.4 GHz NRAO VLA Sky
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Figure 1.2: Variation in the limiting flux density and resolution of the surveys listed in Table
1.1. The colour of each point corresponds to the frequency of the survey, communicated
by the colour bar in the top-left corner. Time roughly flows from the top-right to the
bottom-left of the graph.
Survey (NVSS; Condon et al., 1998), and the 1.4 GHz Faint Images of the Radio Sky at
Twenty (FIRST; White et al., 1997) cm survey. These five surveys resulted in the detection
of millions of radio sources, making valuable contributions to our understanding of the
large-scale structure of the universe, the role of radio galaxies in galaxy formation, and the
use of Galactic foreground polarisation as a probe of the interstellar medium (Cohen et al.,
2007). The significant step these surveys represented in the evolution of radio surveys is
highlighted in Figure 1.2, which demonstrates that SUMSS, NVSS, and the FIRST survey
are the most sensitive and highest resolution wide-field surveys available even after twenty
years since completion.
Note that the TIFR GMRT Sky Survey (TGSS; Intema et al., 2016) also belongs to this
era of wide-field, single-frequency, high resolution and sensitivity parabolic dish surveys,
despite TGSS being released in 2016. This is because TGSS was initiated before 2010,
with the idea that the survey would be equivalent to NVSS at 150 MHz. The publication of
the survey was delayed until 2016 due to the difficulty in processing the data (Intema et al.,
2016).
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1.2.5 The chromatic era: 2010 – present
With the significant progress made in survey science by WENSS, SUMSS, NVSS, and the
FIRST survey, wide-field surveys were not again pursued by the astronomy community
until new advances in information and antenna technology occurred. By 2010, improved
computational capability and instrumentation allowed direct sampling and digitisation,
high speed data transport, high performance super-computing, and large capacity data
storage systems. In particular, the improvement in signal processing made it possible to
observe over much wider bandwidths than previously. The first wide-field survey that
exploited the potential of observing the radio sky with a large bandwidth was the Australia
Telescope 20GHz (AT20G; Murphy et al., 2010) survey, which completed a survey of
the entire sky at 20 GHz using a bandwidth of 8 GHz, and with follow-up observations
using a smaller bandwidth at 4.80, 8.64, and 20 GHz. While the AT20G had many features
similar to the previous generation of wide-field surveys, the use of the broad bandwidth for
detection makes it a forerunner to the surveys that followed in this era.
The advancement in software and antenna technology also meant that the radio astron-
omy community began building aperture arrays with a level of commitment not seen since
the 1960’s, such as the Murchison Widefield Array (MWA; Tingay et al., 2013) and the
LOw-Frequency ARray (LOFAR; van Haarlem et al., 2013). The shift back to aperture
arrays is largely because information technology had progressed to a point it was now
possible to reliability correlate hundreds of antennas over wide bandwidths, store all of the
data, and reliability point the telescope using software. Additionally, aperture arrays are
substantially cheaper to build than interferometers composed of parabolic dishes (Garrett,
2012). The main science driver now behind building low frequency aperture arrays is the
attempt to detect the Epoch of Reionisation, the period in the Universe in which the first
galaxies and stars are forming (see Morales & Wyithe, 2010; Zaroubi, 2013, for reviews).
However, since the MWA and LOFAR are composed of hundreds antennas that observe
over wide bandwidths at low frequencies, the arrays are ideal wide-field survey instruments
that provide a chromatic view of the radio sky (Tingay et al., 2013; van Haarlem et al.,
2013).
The combination of the wide-field of view and wide bandwidth means the surveys
completed by the MWA and LOFAR, such as the GaLactic and Extragalactic All-sky
MWA (GLEAM; Wayth et al., 2015) survey and the LOFAR Multifrequency Snapshot Sky
Survey (MSSS; Heald et al., 2015), represent the largest continuous fractional bandwidth
wide-field surveys performed to date. Until the GLEAM survey produced in this thesis was
published, no wide-field radio survey have been performed with a large continuous frac-
tional bandwidth (i.e., 2:1 or more. We define fractional bandwidth as νfrac = (νH−νL)/νC,
where νH, νL, νC are the highest, lowest, and central survey frequency, respectively.). The
advancement made in wide-field surveys by the GLEAM survey is highlighted in Fig-
ure 1.3, with the GLEAM survey an order of magnitude higher in fractional bandwidth
than previous wide-field surveys. The large fractional bandwidth of the GLEAM survey
uniquely facilitates radio continuum spectral studies of sources. In particular, the spectral
information is very useful for identifying and studying sources that are thought to represent
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Figure 1.3: Variation in the fractional bandwidth with the central frequency for the surveys
listed in Table 1.1. We define fractional bandwidth as νfrac = (νH − νL)/νC, where νH, νL,
νC are the highest, lowest, and central survey frequency, respectively. The colour of the
points correspond to number of frequency points reported by the survey, as communicated
by the legend in the bottom left-corner of the plot.
the first stages of radio galaxy evolution. This is detailed in the following two sections.
The future of radio surveys, such as those to be completed by the Jansky Very Large
Array (JVLA), the Australian Square Kilometre Array Pathfinder (ASKAP; Johnston et al.,
2008), and Square Kilometre Array (SKA; Dewdney et al., 2013; de Lera Acedo et al.,
2015), will be detailed in the final section of this thesis.
1.3 Peaked-spectrum radio sources
1.3.1 PKS B1934-638: The first gigahertz-peaked spectrum source
During the first PKS survey, the source PKS B1934-638 was discovered to have a radio
continuum spectrum that differed from the majority of other sources surveyed (Bolton,
Gardner & Mackey, 1963, 1964). The PKS survey covered the sky at 408 MHz and
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followed up each detected source at 1.4 and 2.7 GHz. At the time, most extragalactic radio
sources had spectra that appeared to follow a power-law of the form:
Sν = aν
α, (1.1)
where a characterises the amplitude of the spectrum, α is referred to as the synchrotron
spectral index, and Sν is the flux density at frequency ν. The details about why the radio
emission of extragalactic sources is described by a power-law is discussed in Section 1.3.2.
However, the spectrum of PKS B1934-638 was observed to deviate from a simple
power-law between 408 MHz and 2.7 GHz, as shown in Figure 1.4. Instead of observing a
flux density of ≈ 40 Jy at 408 MHz, as would be expected from a continuation of a simple
power-law derived from the high frequency flux density points, a value of ≈ 6 Jy was
measured. Since the PKS survey was the first wide-field survey to contemporaneously
sample the sky at more than one frequency, the survey had revealed a unique and unknown
object that required explanation. Soon afterwards, several more sources were found with
similar spectra (Williams, 1963; Slish, 1963). We now understand the observations of
PKS B1934-638 represented the discovery of a new type of radio source referred to as a
gigahertz-peaked spectrum (GPS) source (Bolton, Gardner & Mackey, 1963, 1964; O’Dea,
1998).
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Figure 1.4: The radio spectrum of PKS B1934-638 as measured in the PKS survey (Bolton,
Gardner & Mackey, 1964). The fit of a model that exhibits a spectral peak (Bicknell,
Dopita & O’Dea, 1997) to the PKS survey flux densities is shown by the black curve. The
average spectrum for the sources in the PKS survey, which is a power-law with a spectral
slope of −0.7, is shown in orange.
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Figure 1.5: Schematic of the different AGN components described by the central engine
paradigm (Salpeter, 1964; Mo, van den Bosch & White, 2010). In addition to the black
hole and accretion disk, the central engine AGN model assumes the existence of broad and
narrow line regions (BLR and NLR), a torus, and jets. For radio AGN, the radio emission
originates mostly from the jets. Image modified from Mo, van den Bosch & White (2010).
1.3.2 Radio active galactic nuclei
To explain how GPS sources fit into the extragalactic radio source population, we have to
first detail our understanding of radio-loud (P1.4 GHz > 1024 W Hz−1, where P1.4 GHz is the
power at 1.4 GHz) active galactic nuclei (AGN). Supermassive (> 106M) black holes are
thought to reside at the centre of all large galaxies, and are known to influence the evolution
of their hosts (Kormendy & Richstone, 1995; Magorrian et al., 1998; Kormendy & Ho,
2013). It is believed that when material accretes onto the central supermassive black hole,
this drives non-thermal emission across the electromagnetic spectrum which can far exceed
the luminosity of the host galaxy (Salpeter, 1964; Mo, van den Bosch & White, 2010). The
main components of the central engine associated with an AGN are shown in Figure 1.5.
The radio emission in the central engine model originates as synchrotron radiation from
ultra-relativistic electrons spiralling in the magnetic field associated with the jets. If the
energy distribution of the emitting electron population is described by a power-law, the
observed radio emission across radio frequencies follows Equation 1.1. Such an energy
distribution is likely driven by shock acceleration (Pacholczyk, 1970; Longair, 2011).
Radio-loud AGN that with extended emission are divided into two main morphological
classes: Fanaroff-Riley (FR) type I and type II (Fanaroff & Riley, 1974). Archetypal
examples of radio AGN that belong to these two classes are provided in Figure 1.6. FR II
galaxies, also called classical doubles, have structures with faint cores and well-collimated
jets that end in bright lobes. They often have one or more hot-spots at the outer edges
of the lobes. In comparison, FR I galaxies have the brightest radio emission close to the
nucleus of the host galaxy and poorly collimated extended emission that fades towards the
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Figure 1.6: Left image: 5 GHz radio image of Hercules A, an archetypal FR II radio AGN.
At the extremities of the long thin jets, which originate from the core of the host galaxy,
radio lobes form with jet termination points. The total extent of the radio emission is
≈ 330 kpc. Image modified from that produced by B. Saxton, W. Cotton, and R. Perley
(NRAO/AUI/NSF). Right image: 1.4 GHz radio image of 3C 31, an archetypal FR I radio
AGN. This galaxy is distinct from FR II galaxies in that the jets are not as well collimated,
becoming more turbulent the further away they are from the core. The galaxy also lacks
bright hotspots. The total extent of the radio emission is ≈ 300 kpc. Image courtesy of
NRAO/AUI.
ends of the jets. The radio emission for both FR I and FR II often terminates hundreds to
thousands of kpc away from the host galaxy (Mo, van den Bosch & White, 2010).
FR I and FR II galaxies also show a division in radio power, with most FR I objects
with P1.4 GHz < 1025 W Hz−1, while FR II objects are more luminous than this (Ledlow &
Owen, 1995; Miraghaei & Best, 2017). The difference between the two types may be due
to FR II galaxies continually having relativistic jets. There is evidence that FR I galaxies
initially have relativistic jets, which are later decelerated to subrelativistic velocities within
the host galaxy (Wagner & Bicknell, 2011), providing an explanation for why the jets
are far less collimated when compared to the jets for FR II galaxies. The accompanying
feedback when the central supermassive black hole drives radio jets is key to determining
the co-evolution of the host galaxy and the supermassive black hole (Rawlings & Saunders,
1991; Fabian, 2012; Best & Heckman, 2012; Heckman & Best, 2014).
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1.3.3 GPS sources as the precursors to FR I and FR II galaxies?
An obvious question that arises when studying the evolution of radio galaxies is: what
type of radio sources did FR I and FR II galaxies originate from? Since outward motion is
observed in the jets of FR I and FR II radio galaxies (e.g. Neeser et al., 1995; Schilizzi et al.,
2001), the galaxies must have started out much more compact than their current observed
size. GPS sources, and related source classes, have been argued to be the necessary
precursor stages for massive FR I and FR II galaxies (O’Dea, 1998).
As outlined in Section 1.3.1, GPS sources were first identified due to their unusual
radio spectra. It was also soon realised that GPS sources were mostly unresolved at the
angular resolutions of the wide-field surveys, implying they were compact sources with
sizes < 1′′ (Slish, 1963). When observed with milliarcsec resolution using very long
baseline interferometry (VLBI), many of the GPS sources displayed a double morphology
reminiscent of FR II galaxies, with steep spectrum lobes surrounding a flat spectrum core
(Phillips & Mutel, 1980; Stanghellini et al., 1997).
The size of GPS radio structures were found to be . 1 kpc (Orienti et al., 2006; An
et al., 2012), smaller than their optical hosts. GPS sources with this small scale double
morphology are also referred to as compact symmetric objects (CSOs). An example
of such a source is presented in the left panel of Figure 1.7. Using multi-epoch VLBI
observations of these structures, studies (Owsianik & Conway, 1998; Polatidis & Conway,
2003; Gugliucci et al., 2005) measured the motion of the hotspots that provided indirect
evidence for ages. 103 yrs. This ‘youth’ scenario was further supported by high frequency
spectral break modelling that often indicated spectral ages . 105 yrs (Murgia et al., 1999;
Orienti, Murgia & Dallacasa, 2010).
In the evolutionary model, GPS sources are only one class of radio sources that could
be a precursor stage to FR I and FR II galaxies. High frequency peaked (HFP) sources
have been argued (Dallacasa et al., 2000) to be an even earlier evolutionary stage. HFP
sources display the same spectral and physical characteristics as GPS sources but peak at
frequencies & 5 GHz and have radio structures smaller than GPS sources (Dallacasa et al.,
2000; Tinti & de Zotti, 2006). Compact steep-spectrum (CSS) sources are another closely
related class to GPS sources (Conway, Kellermann & Long, 1963; Fanti et al., 1990)
which are thought to have peak frequencies . 500 MHz and linear sizes of ∼ 1− 20 kpc.
However, there is still an open debate about whether CSS sources are a related class with
similarly peaked spectra since the low radio frequency coverage has been insufficient to
confirm such a characterisation.
With the discovery of the empirical relation between rest frame turnover frequencies
and linear size (O’Dea & Baum, 1997; Snellen et al., 2000), the evolutionary model of
GPS, CSS, and HFP sources implies that HFP sources evolve into GPS sources, which in
turn grow into CSS, and then finally evolve to reach the size of FR I or FR II galaxies. The
change of luminosity with linear size for a source in this evolutionary model, grouped by
radio source class, is shown in Figure 1.8. Note that for the remainder of this chapter we
will use the term ‘peaked-spectrum’ to collectively refer to GPS, CSS, and HFP sources.
While the ‘youth’ explanation of peaked-spectrum sources has been the dominant theory
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Figure 1.7: Left panel: 5 GHz VLBI radio image of GPS source B3 0710+439, high-
lighting the milliarcsecond symmetric structure that is typical of CSOs. The total extent
of the radio emission is ≈ 100 pc. Image reproduced from Owsianik & Conway (1998).
Right panel: 8.4 GHz VLBI radio image of GPS source B2 0147+40, highlighting an
asymmetric distribution of the lobes relative to the core. The core and two lobes are circled
in black, and identified with ‘C’, ‘NH’, and ‘SH’, respectively. The total extent of the radio
emission is ≈ 300 pc. Image reproduced from Orienti, Dallacasa & Stanghellini (2007).
used by the astronomical community to explain the properties of peaked-spectrum sources,
the model fails to account for important features of the peaked-spectrum source population.
One feature of the peaked-spectrum source population that the simple evolutionary model
does not explain is why statistical studies of radio luminosity functions have found an
over abundance of peaked-spectrum sources relative to the number of FR I or FR II radio
galaxies (Readhead et al., 1996; Snellen et al., 2000; An & Baan, 2012). This implies
that not all peaked-spectrum sources can evolve into massive radio galaxies, otherwise we
would expect to find many more massive radio galaxies in the local Universe.
Additionally, a large fraction of peaked-spectrum sources that are classed as CSOs
have very asymmetric two-sided morphologies (Rossetti et al., 2006; Orienti et al., 2006;
Orienti, Dallacasa & Stanghellini, 2007). An example of such an asymmetric CSO is
provided in the right panel of Figure 1.7, where one side of the source is much brighter
than the other. For these asymmetric CSOs, it is common to find that the brighter lobe
is the one closer to the core. This suggests a strong interaction between the jet and an
inhomogeneous nuclear medium (Orienti, 2016). A number of peaked-spectrum sources
also lack a double morphology at VLBI angular resolutions altogether, with a core-jet
morphology often observed (Stanghellini et al., 1997; O’Dea, 1998).
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Figure 1.8: A possible evolutionary scheme of radio-loud AGN. It is argued that a HFP
source evolves into a GPS source, which then evolves into a CSS source, and then the
source finally grows to reach the size of a FR I or FR II galaxy. Figure adapted from
Kunert-Bajraszewska et al. (2010).
Further complications for the evolutionary model are the many detailed spectral and
morphological studies of individual peaked-spectrum sources that have shown that peaked-
spectrum sources are confined to small spatial scales due to a dense ambient medium or a
cessation of AGN activity (Peck, Taylor & Conway, 1999; Marr, Taylor & Crawford, 2001;
Orienti & Dallacasa, 2008; Marr et al., 2014; Tingay et al., 2015; Callingham et al., 2015).
An alternative hypothesis to the evolutionary theory of peaked-spectrum sources is
the ‘frustration’ model, which implies that these sources are not young but are confined
to small spatial scales due to unusually high nuclear plasma density (van Breugel, Miley
& Heckman, 1984). Such a model can replicate many of the same physical properties of
the ‘youth’ model, and can both explain the diversity of small scale structures in peaked-
spectrum sources and the overabundance of peaked-spectrum sources to FR I or FR II radio
galaxies (O’Dea, Baum & Stanghellini, 1991). However, although there is certainly gas in
the environments of peaked-spectrum sources, there is currently no compelling evidence
that there is enough dense gas to confine the majority of the peaked-spectrum sources
(O’Dea, 1998).
It is also possible that both of these scenarios may apply to peaked-spectrum sources,
as young sources with constant AGN activity could break through a dense medium given
sufficient time, while sources with intermittent AGN activity may stagnate after ∼ 104 yrs
and not grow to large sized objects (Readhead, 1994; An & Baan, 2012).
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1.3.4 Absorption mechanisms
One of the main reasons that the debate over the nature of peaked-spectrum sources has
not been resolved is because the absorption mechanism responsible for the spectral peak
still remains ambiguous. By absorption mechanism, we imply a physical process that
causes a medium to be optically transparent at certain radio frequencies and optically
opaque (optically thick) at other frequencies. The transition between the optically thin and
optically thick regimes in a radio spectrum is referred to as the turnover.
Synchrotron self-absorption (SSA) by the relativistic electrons internal to the emitting
source is one commonly proposed model for the turnover in peaked-spectrum sources
(Williams, 1963; Shklovsky, 1965; Kellermann, 1966). The turnover due to SSA occurs
because the source cannot have a brightness temperature that exceeds the plasma tem-
perature of the non-thermal electrons. Alternatively, the frequency at which the turnover
occurs in SSA theory can be thought of as the frequency at which relativistic electrons and
emitted synchrotron photons have a high chance of scattering (Tingay & de Kool, 2003).
SSA theory is very successful in explaining the relationship between the source size and
turnover frequency (O’Dea, 1998), and produces magnetic field strengths consistent with
equipartition (Orienti & Dallacasa, 2008). Hence, SSA is expected in young sources. SSA
theory also makes a firm prediction of a slope of 2.5 below the turnover, independent of
the morphology of the emitting medium (Williams, 1963; Shklovsky, 1965). However,
SSA theory can not explain why the brightness temperature is far too low to absorb the
radio emission from the counter-jet structures in such sources as PKS 1607+26 and 3C 84
(Shaffer, Kellermann & Cornwell, 1999; Walker et al., 2000). Additionally, the emission
measure of ionised gas implied by the narrow line emission from CSS sources appears
inconsistent with SSA theory (van Breugel, Miley & Heckman, 1984).
Free-free absorption (FFA) via an external ionised screen of dense plasma is another
commonly proposed absorption mechanism to explain the turnover in the spectrum of
peaked-spectrum sources (Kellermann, 1966). FFA occurs when a radio photon is absorbed
by a free electron that is in the presence of a positive ion (Longair, 2011). While FFA from
an external homogeneous medium cannot reproduce the relation between linear size and
turnover frequencies of peaked-spectrum sources (Tingay & de Kool, 2003), variations of
FFA theory can. For example, one of the most successful FFA theories is that proposed by
Bicknell, Dopita & O’Dea (1997). In this model, the jets of a source are interacting with an
inhomogeneous nuclear medium, with the spectral turnover directly related to the optical
depth distribution of the absorbing media. As the jets propagate into the inhomogeneous
medium, the radiative bow shock conditionally excites the interstellar medium (ISM). If
the ISM clouds are dense enough, FFA can occur. This is highlighted in Figure 1.9. The
inhomogeneous FFA model of Bicknell, Dopita & O’Dea (1997) is able to recreate the
observed correlation between the turnover frequencies and linear sizes, and many spectral
studies of individual sources have indicated it is the dominant absorption mechanism (e.g.
Peck, Taylor & Conway, 1999; Kameno et al., 2000; Marr, Taylor & Crawford, 2001;
Tingay & de Kool, 2003; Orienti & Dallacasa, 2008; Marr et al., 2014; Tingay et al., 2015;
Callingham et al., 2015).
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Figure 1.9: Example of the change in density n as the jet of a radio source, shown in blue,
propagates into a dense, inhomogeneous medium, shown in red and orange. The elapsed
time since the AGN activity was initiated is indicated in the top right-hand corner of each
frame. Figure reproduced from Wagner & Bicknell (2011).
Additional absorption mechanisms, such as the Razin effect (Razin, 1957; Kellermann,
1966) and induced Compton scattering (Kuncic, Bicknell & Dopita, 1998), have also been
applied to explain the turnover of peaked-spectrum sources. However, both of these models
have failed to produce the aforementioned scaling relations (O’Dea, 1998). Note that
analytic treatment of both SSA and FFA theories is provided in Section 2.4 of Chapter 2.
One of the reasons the degeneracy between SSA and FFA models has remained
unresolved is because past investigations lacked comprehensive spectral coverage below
the turnover, where the distinction between the different absorption models becomes
pronounced. This is especially pertinent for the large peaked-spectrum samples since such
catalogues can only be assembled from wide-field surveys, which usually only surveyed
the sky at one frequency. Provided the spectra are well sampled below the turnover, it is
possible to differentiate between FFA and SSA models through comprehensive statistical
fitting of peaked-spectrum spectra (Tingay & de Kool, 2003; Callingham et al., 2015). A
simplified example of the model differentiation made possible by low radio frequency data
is presented in Figure 1.10. Therefore, with such telescopes as the MWA and LOFAR now
operational, astronomers have unprecedented frequency coverage below the turnover of
peaked-spectrum sources, allowing for the most comprehensive spectral comparison of the
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Figure 1.10: A simplified example of the spectra of a source when the turnover is a
product of internal FFA or homogeneous SSA, shown in red and purple, respectively. The
extremities of the frequency coverage of the MWA are indicated by the dashed black lines,
highlighting how useful MWA data is in differentiating between competing absorption
theories for sources that have spectral peak frequencies & 230 MHz.
different absorption models on larger data sets then ever before possible.
We also highlight several other methods outside spectral modelling that can be used
to differentiate between FFA and SSA in peaked-spectrum sources. For example, being
able to measure the circular polarisation above and below the spectral turnover of peaked-
spectrum sources provides one of the most unambiguous methods to identify whether
SSA or FFA is the dominant absorption mechanism (Melrose, 1971). This is because SSA
predicts the degree of circular polarisation reverses its sign on either side of the spectral
turnover (Jones & Odell, 1977). However, measuring the circular polarisation of peaked-
spectrum sources is difficult due to low integrated polarisation and high rotation measures
of the population (Rudnick & Jones, 1982). All previous circular polarisation studies of
peaked-spectrum sources have lacked observations significantly below the turnover for
an unambiguous detection of the sign reversal (e.g. Rayner, Norris & Sault, 2000; Cotton
et al., 2003).
Additionally, it is also possible to differentiate between FFA and SSA from the bright-
ness temperature of different features in a peaked-spectrum source. For example, FFA been
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Figure 1.11: A photo of a 4×4 bow-tie dipole MWA tile that is located in the core
of the MWA. The white box offset from the wired mesh groundscreen is the analogue
beamformer.
suggested to exist in 3C 84 (Walker, Romney & Benson, 1994), because the counter-jet in
3C 84 is significantly fainter than the forward jet. However, this method requires sensitive,
sub-arcsecond resolution to be performed below the turnover frequency of a peaked-
spectrum source, greatly limiting its applicability. Therefore, the new low frequency, large
fractional bandwidth era ushered in by the MWA and LOFAR represents a significant steep
forward in identifying the dominant absorption mechanism in the peaked-spectrum source
population.
1.4 The Murchison Widefield Array (MWA)
Due to the importance of the MWA to this thesis, we will outline the key system features
of the telescope. The MWA is a low radio frequency aperture array that is sensitive to
frequencies between≈ 70 and 300 MHz. It is composed of 128 phased-array antenna ‘tiles’
distributed over an area ≈ 3 km in diameter in Western Australia (Tingay et al., 2013).
Each tile consists of 16 dual-polarisation bow-tie dipole antennas mounted on a wire mesh
groundscreen. The tiles are pointed via an analogue delay-line beamformer, resulting in
approximately one square metre of collecting area at 150 MHz. An example tile is provided
in Figure 1.11.
The distribution of the 128 tiles is driven by providing excellent uv-coverage desired
by the science cases (Bowman et al., 2013), with a dense 100 m core surrounded by radial
distribution out to 3 km. The signals from eight tiles are combined into a single receiver,
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Table 1.2: System parameters for the MWA from Tingay et al. (2013).
Parameter 150 MHz
Number of tiles 128
Area of one tile at zenith (m2) 21.5
Total collecting area (m2) 2752
Receiver temperature (K) 50
Typical sky temperature (K) 350
Field of view (deg2) 610
Frequency range (MHz) 70–300
Instantaneous bandwidth (MHz) 30.72
Spectral resolution (MHz) 0.04
Temporal Resolution 0.5 s uncalibrated
8 s calibrated
Polarisation Full Stokes
Minimum baseline (m) 7.7
Maximum baseline (m) 2864
Highest angular resolution ≈ 2′
which digitally filters the observation into 24 × 1.28 MHz frequency channels, forming a
selectable 30.72 MHz sample space. The data streams from all receivers are filtered by
dedicated hardware into 128×10 kHz fine channels. Finally, a correlator implemented
in software using general-purpose graphical processing units averages the data in time
and frequency space. The final output visibilities are in 768×40 kHz channels with 0.5 s
resolution. Provided the longest baselines were used in an observation at 150 MHz, the
field of view and highest angular resolution are 610 deg2 and≈ 2′, respectively. The system
parameters of the MWA are summarised in Table 1.2.
Aperture arrays such as the MWA have many advantages over steerable antennas, such
as low construction and maintenance costs. However, there are several disadvantages. The
most pressing of these disadvantages is the difficulty in correctly modelling the radiation
pattern of the telescope since it changes as a function of direction. Correctly understanding
the response of the instrument is vital for high fidelity radio astronomy.
Note that the MWA is undergoing an upgrade at the time of writing, in which the
number of tiles is being doubled. Approximately half of the new tiles will be used to form
two redundant hexagons near the core, and the other half will be distributed between 3 to
≈ 5 km from the core. The beamformers and receivers will not be changed.
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1.5 The aims and scope of this thesis
We have entered a new era of radio astronomy where the low radio frequency (< 300 MHz)
sky is now accessible to astronomers at a level of detail never before attainable. While the
radio sky was first observed and surveyed at low frequencies (e.g. Jansky, 1932; Reber,
1944; Mills, Slee & Hill, 1958; Edge et al., 1959), telescopes such as the MWA represent a
significant step forward in low radio frequency astronomy due to their ability to observe the
sky with wide fractional bandwidths, and much higher sensitivity and angular resolutions
than previously.
In this thesis we produce the first all-sky survey performed by the MWA, the widest
fractional bandwidth wide-field radio survey ever produced, and we detail the properties of
the extragalactic sky observed. We then use the chromatic view that the MWA produces of
the radio sky to understand the first stages of radio galaxy evolution.
In particular, we wish to study the cause of the spectral turnover in peaked-spectrum
sources, and whether the properties of peaked-spectrum sources are consistent with being
due to ‘youth’, ‘frustration’, or both. We would also like to understand whether the peaked-
spectrum population selected below 1 GHz are in the same family sources selected above
1 GHz.
To study the areas outlined above, we have structured this thesis are follows. In
Chapter 2, we conduct a spectral study of an extreme GPS source identified during the
MWA commissioning survey. We highlight how useful the low frequency coverage from
the MWA is in helping disentangle competing absorption mechanisms, and the potential of
the complete all-sky MWA survey in identifying the predominate absorption mechanism
in the peaked-spectrum source population. In Chapter 3, we empirically model the primary
beam of the MWA to help construct an accurate flux density scale for the all-sky MWA
survey. The all-sky MWA survey is produced in Chapter 4. Finally, in Chapter 5 we
form the largest sample of peaked-spectrum sources, and analyse the properties of the
population. In Appendix A, we detail the lowest frequency detection of the remnant of
Supernova 1987A, and place constraints on the mass loss of the progenitor star.
2Broadband Spectral Modelling of the
Extreme Gigahertz-Peaked Spectrum
Radio Source PKS B0008-421
The following chapter has been reproduced from the peer-reviewed paper Callingham
et al. (2015), “Broadband Spectral Modelling of Extreme Gigahertz-Peaked Radio Source
PKS B0008-421”, The Astrophysical Journal, 2015, 809, 168-182. Minor typographical
and grammatical changes have been made to ensure consistency with the rest of the thesis.
In this chapter, we present broadband observations and spectral modelling of PKS B0008-
421, and identify it as an extreme GPS source. PKS B0008-421 is characterised by the
steepest known spectral slope below the turnover, close to the theoretical limit of SSA, and
the smallest known spectral width of any GPS source. Spectral coverage of the source spans
from 0.118 to 22 GHz, which includes data from the MWA and the wide bandpass receivers
on the Australia Telescope Compact Array. We have implemented a Bayesian inference
model fitting routine to fit the data with internal FFA, single and double component FFA in
an external homogeneous medium, FFA in an external inhomogeneous medium, or single
and double component SSA models, all with and without a high-frequency exponential
break. We find that without the inclusion of a high-frequency break these models can not
accurately fit the data, with significant deviations above and below the peak in the radio
spectrum. The addition of a high-frequency break provides acceptable spectral fits for
the inhomogeneous FFA and double-component SSA models, with the inhomogeneous
FFA model statistically favoured. The requirement of a high-frequency spectral break
implies that the source has ceased injecting fresh particles. Additional support for the
inhomogeneous FFA model as being responsible for the turnover in the spectrum is given
by the consistency between the physical parameters derived from the model fit and the
implications of the exponential spectral break, such as the necessity of the source being
surrounded by a dense ambient medium to maintain the peak frequency near the gigahertz
region. This implies that PKS B0008-421 should display an internal H I column density
greater than 1020 cm−2. The discovery of PKS B0008-421 suggests that the next generation
of low radio frequency surveys could reveal a large population of GPS sources that have
ceased activity, and that a portion of the ultra-steep spectrum source population could be
composed of these GPS sources in a relic phase.
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2.1 Introduction
GPS radio sources are a class of AGN that have played a pivotal role in shaping our
understanding of the environmental properties and evolutionary paths of radio galaxies.
These powerful radio sources are defined by a concave spectrum that peaks at gigahertz
frequencies, steep spectral slopes on either side of the turnover, small linear sizes (∼ 0.1−
1 kpc), minimal variability over timescales varying from hours to decades, and low radio
polarisation fractions (O’Dea, Baum & Stanghellini, 1991). Two closely related groups
of radio sources are HFP and CSS sources, which display many of the same physical
properties as the GPS population but with different peak frequencies and linear sizes.
HFPs peak above a gigahertz and have smaller linear sizes than GPS sources (. 0.1 kpc)
(Dallacasa et al., 2000; Tinti et al., 2005; Hancock et al., 2010), while CSS sources peak
below gigahertz frequencies and have larger linear sizes than GPS sources (∼ 1− 10 kpc)
(Fanti et al., 1990, 1995). The hosts of HFP, GPS and CSS sources can be associated with
quasars, radio galaxies, or Seyfert galaxies (Gelderman & Whittle, 1994; de Vries, Barthel
& O’Dea, 1997; Stanghellini, 2003). A comprehensive review of GPS and CSS sources
has been presented by O’Dea (1998), with additional and more recent research summaries
provided by Stawarz et al. (2008) and Marr et al. (2014).
VLBI imaging of HFP, GPS and CSS sources has allowed these radio sources to be
further split into two distinct classes based on their morphology. The first morphological
class is defined by a core-jet structure, and such sources are generally associated with high
redshift quasars (Stanghellini et al., 1997; Orienti et al., 2006). The second morphological
class of GPS and CSS sources is characterised by dominant small scale structures that are
reminiscent of the large scale radio lobes of powerful radio galaxies, with inverted or flat
spectrum cores surrounded by two steep-spectra lobes. GPS and CSS sources that display
these characteristics are referred to as CSOs, and are generally associated with low redshift
radio galaxies (Wilkinson et al., 1994; de Vries et al., 2009b). CSOs have been the focus of
extensive study because such morphologies suggest that these sources could be the young
precursors to large radio galaxies (Marr et al., 2014).
This ‘youth’ hypothesis (Phillips & Mutel, 1982; Fanti et al., 1995; Snellen et al.,
2000) has observational support from hotspot measurements (Owsianik & Conway, 1998;
Polatidis & Conway, 2003; Gugliucci et al., 2005) and from high-frequency spectral
break modelling (Murgia et al., 1999; Orienti, Murgia & Dallacasa, 2010). However,
such an interpretation is still contentious, as statistical studies of the luminosity functions
have demonstrated an over abundance of CSOs relative to the number of large radio
galaxies (O’Dea & Baum, 1997; Readhead et al., 1996; An & Baan, 2012). An alternative
hypothesis is the ‘frustration’ model, which implies that these sources are not young but
are confined to small spatial scales due to unusually high nuclear plasma density (van
Breugel, Miley & Heckman, 1984). It is possible that both these scenarios may apply to
GPS sources, as young sources with constant AGN activity could break through a dense
medium given sufficient time, while sources with intermittent AGN activity may stagnate
(An & Baan, 2012).
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As outlined in Chapter 1, one of the reasons that there has not been a resolution between
these two competing hypotheses is because the absorption mechanism responsible for the
spectral turnover still remains an open area of debate. SSA by the relativistic electrons
internal to the emitting source, and FFA via an external ionised screen of dense plasma,
are two commonly proposed models for the turnover (Kellermann, 1966). Both these
absorption models replicate some physical features of GPS sources but fail to explain
others. For example, the observed correlation between the turnover frequencies and
linear sizes of GPS sources is well justified within the SSA framework, while FFA via a
homogeneous medium can not replicate such a relationship (O’Dea, 1998). However, FFA
models that invoke an external inhomogeneous medium where electron density decreases
with distance from the radio jet (e.g. Bicknell, Dopita & O’Dea, 1997; Kuncic, Bicknell
& Dopita, 1998), or dense ionised interstellar clouds that co-exist with the relativistic
electrons (e.g. Begelman, 1999; Stawarz et al., 2008; Maciel & Alexander, 2014), are able
to recreate this correlation. While it has been shown that it is likely that this ‘frustration’
scenario is inconsistent with the properties of many GPS sources (Snellen et al., 2000,
2003; de Vries et al., 2009a), there is mounting evidence from many observational studies
of individual GPS sources, that have morphologies consistent with CSOs, demonstrating
FFA is responsible for the inverted spectra (Peck, Taylor & Conway, 1999; Kameno et al.,
2000; Marr, Taylor & Crawford, 2001; Orienti & Dallacasa, 2008; Tremblay et al., 2008;
Marr et al., 2014; Tingay et al., 2015).
It is possible to differentiate between FFA and SSA models through comprehensive
statistical fitting of GPS spectra, provided the spectra are well sampled below the turnover.
For example, Tingay & de Kool (2003) performed a detailed investigation of different
absorption scenarios via model fitting to the radio spectrum of the GPS source PKS
B1718-649. They concluded that SSA was the most likely contributor to the inverted
spectrum, but emphasised that the modified inhomogeneous FFA model of Bicknell, Dopita
& O’Dea (1997) could not be excluded. The reason the degeneracy between SSA and FFA
models has remained unresolved is because these past investigations lacked comprehensive
spectral coverage below the turnover, where the distinction between the different absorption
models becomes pronounced. With new low radio frequency telescopes such as the MWA
(Lonsdale et al., 2009; Tingay et al., 2013) and LOFAR (van Haarlem et al., 2013) becoming
operational, astronomers now have unprecedented frequency coverage below the turnover,
allowing for a more comprehensive spectral comparison of the different absorption models.
Additionally, the new wide bandpass receivers installed on existing radio telescopes, such
as the Compact Array Broadband Backend (CABB; Wilson et al., 2011) on the Australia
Telescope Compact Array (ATCA), provide new broadband spectral coverage at gigahertz
frequencies. Such broadband spectral coverage is also vital to understanding the nature of
high-frequency spectral breaks in GPS sources, which can heavily influence spectral fits
below the turnover (Tingay et al., 2015).
In light of these technological advancements, we present MWA and CABB observations
of GPS source PKS B0008-421 (RA = 00:10:52.5, Dec. = – 41:53:10.6 (J2000); z = 1.12;
Labiano et al. 2007). PKS B0008-421 was selected for this study because it has the steepest
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spectral slope below the turnover for sources observed during the MWA Commissioning
Survey (MWACS; Hurley-Walker et al., 2014). PKS B0008-421 was identified as a
candidate GPS source by O’Dea, Baum & Stanghellini (1991). While several studies
have demonstrated properties of PKS B0008-421 that are consistent with a GPS source
classification (Labiano et al., 2007; Jacobs et al., 2011), we present the first flux density
measurements below the turnover that confirm this characterisation. VLBI measurements
of PKS B0008-421 reveal a morphology that is consistent with a CSO (King, 1994; Jauncey
et al., 2003). Furthermore, PKS B0008-421 has extensive temporal information and wide
spectral coverage from 0.118 to 22 GHz, since it has acted as a primary or secondary
calibrator for most southern hemisphere radio telescopes, allowing us to overcome the
epochal and spectral limitations of previous studies of GPS sources.
The purpose of this chapter is to present unprecedented spectral coverage of this
extreme GPS source, and to demonstrate that advances in wide bandpass receivers and low
radio frequency coverage now allow us to place stringent observational constraints on the
absorption models and physical environments of GPS sources. The relevant data reduction
procedures performed for the MWA, CABB and archival observations are discussed in
Section 2.2. In Section 2.3 the Bayesian fitting routine that we implemented to assess
the different absorption model fits to PKS B0008-421 is outlined. Relevant features of
the absorption models, and their respective fitting statistics, are presented in Section 2.4.
In Section 2.5 the impact the absorption models fits have on our understanding of the
environment of PKS B0008-421, and the absorption models used to describe GPS sources
as a whole, are discussed.
2.2 Observations, Data Reduction and Archival Data
PKS B0008-421 was regularly observed between 1969 and 2014 by a variety of radio tele-
scopes. Most of the observations have been performed by the Parkes 64 m radio telescope,
the ATCA, the MOST and the Giant Metrewave Radio Telescope (GMRT). Combining
all these observations with the MWA and ATCA observations provides a spectral cover-
age of PKS B0008-421 from 0.118 to 22 GHz. These observations are summarised in
Table 2.1 and plotted in Figure 2.1. PKS B0008-421 was spatially unresolved in all these
observations.
2.2.1 ATCA Observations and Data Reduction
As part of project C007 (PI Stevens), PKS B0008-421 was observed by the ATCA in the
6C1 array configuration on 2010 June 9-10. The observation was conducted using the
CABB backend system, which gives two instantaneous 2 GHz bandwidth for both linear
polarisations, at central frequencies 5.5 GHz and 9.0 GHz for a total integration time of 32
1Detailed explanations of the ATCA array configurations can be found at https://www.narrabri.atnf.csiro.
au/operations/array configurations/configurations.html.
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Table 2.1: A summary of the observations of PKS B0008-421 used in the spectral
modelling. Note that the reported Wills (1975) flux densities have been corrected to the
Baars et al. (1977) flux density scale. The epochs of the observations are presented as
accurately as possible, but when only a broad timeframe is known, it is presented in the
format YYYY-YYYY.
ν Sν σ Epoch Telescope Reference (Survey)
(GHz) (Jy) (Jy)
0.118 0.7 0.2 2012 Dec 01 MWA Hurley-Walker et al. (2014) (MWACS)
0.150 1.2 0.2 2012 Dec 01 MWA Hurley-Walker et al. (2014) (MWACS)
0.180 1.9 0.1 2012 Dec 01 MWA Hurley-Walker et al. (2014) (MWACS)
0.235 3.6 0.5 2013 Jul 04 GMRT GMRT Cal
0.408 6.6 0.2 1969-1974 MOST Large et al. (1981) (MRC)
0.468 7.0 0.7 1965-1969 Parkes Interferometer Wills (1975)
0.580 6.6 0.4 1965-1969 Parkes Wills (1975)
0.610 6.7 1.1 2013 Jul 04 GMRT GMRT Cal
0.635 7.3 0.2 1965-1969 Parkes Wills (1975)
0.843 6.5 0.3 1987 Nov 07 MOST Campbell-Wilson & Hunstead (1994)
0.843 6.4 0.2 1998 Apr 05 MOST Mauch et al. (2003) (SUMSS)
0.960 6.1 0.2 1965-1969 Parkes Wills (1975)
1.357 4.6 0.1 2012 Jun 15 ATCA This work
1.384 4.4 0.4 2008 Jun 19 ATCA Randall et al. (2011)
1.410 4.70 0.07 1965-1969 Parkes Wills (1975)
1.687 3.83 0.09 2012 Jun 15 ATCA This work
1.904 3.43 0.08 2012 Jun 15 ATCA This work
2.106 3.14 0.08 2012 Jun 15 ATCA This work
2.307 2.87 0.07 2012 Jun 15 ATCA This work
2.496 2.7 0.3 2008 Jun 19 ATCA Randall et al. (2011)
2.513 2.65 0.06 2012 Jun 15 ATCA This work
2.700 2.49 0.03 1965-1969 Parkes Wills (1975)
2.718 2.45 0.06 2012 Jun 15 ATCA This work
2.921 2.28 0.05 2012 Jun 15 ATCA This work
4.680 1.37 0.03 2010 Jun 10 ATCA This work
4.800 1.35 0.07 2004 Nov 11 ATCA Murphy et al. (2010) (AT20G)
4.800 1.25 0.02 1993 Sep 24 ATCA McConnell et al. (2012) (ATPMN)
4.800 1.3 0.1 2008 Jun 19 ATCA Randall et al. (2011)
4.850 1.39 0.07 1990 Jun 01 Parkes Wright et al. (1994) (PMN)
4.926 1.28 0.03 2010 Jun 10 ATCA This work
5.000 1.1 0.2 1965-1969 Parkes Wills (1975)
5.009 1.35 0.08 1965-1969 Parkes Wills (1975)
5.145 1.22 0.03 2010 Jun 10 ATCA This work
5.380 1.75 0.03 2010 Jun 10 ATCA This work
5.615 1.09 0.03 2010 Jun 10 ATCA This work
5.822 1.04 0.03 2010 Jun 10 ATCA This work
6.062 0.98 0.02 2010 Jun 10 ATCA This work
6.264 0.94 0.02 2010 Jun 10 ATCA This work
8.215 0.65 0.02 2010 Jun 10 ATCA This work
8.478 0.62 0.01 2010 Jun 10 ATCA This work
8.640 0.57 0.06 2008 Jun 19 ATCA Randall et al. (2011)
8.640 0.55 0.03 1993 Sep 24 ATCA McConnell et al. (2012) (ATPMN)
8.640 0.61 0.03 2004 Nov 22 ATCA Murphy et al. (2010) (AT20G)
8.690 0.60 0.02 2010 Jun 10 ATCA This work
8.936 0.58 0.02 2010 Jun 10 ATCA This work
9.156 0.56 0.01 2010 Jun 10 ATCA This work
9.360 0.55 0.01 2010 Jun 10 ATCA This work
9.575 0.54 0.01 2010 Jun 10 ATCA This work
9.776 0.52 0.01 2010 Jun 10 ATCA This work
18.500 0.18 0.01 2002 Mar 21 ATCA Ricci et al. (2004)
19.904 0.152 0.008 2004 Oct 22 ATCA Murphy et al. (2010) (AT20G)
22.000 0.13 0.01 2001 Jan 02 ATCA Ricci et al. (2006)
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minutes. Each observation used 1 MHz channels and a 10 second correlator integration time.
PKS B0008-421 was also observed for project C2697 (PI Ryder) with the ATCA in the 6D
configuration on 2012 June 14-15. This observation was conducted at a central frequency
of 2.1 GHz and for a total integration time of 121 minutes, using the same bandwidth,
channel size and correlator integration time as the 2010 observation. PKS B1934-638 was
used for flux density, bandpass and phase calibration for both observations.
The data for both observations were reduced using the MIRIAD software package
(Sault, Teuben & Wright, 1995). The known regions of radio frequency interference
(RFI) and lower sensitivity in the CABB system were initially flagged. RFI was excised
for PKS B1934-638 using the automatic flagging option in pgflag and manually with
blflag2. The bandpass, gain and leakage solutions were estimated using PKS B1934-
638. The gain calibration was performed over four 512 MHz wide frequency bins and
ten second time intervals. The calibration solutions were transferred to PKS B0008-421
and the flux density scale was set to that defined by PKS B1934-638. We note that the
spectrum of a source cannot be known to a better accuracy than that of the gain calibrator.
For observations above 1 GHz, PKS B1934-638 is known to better than ∼ 1% (Wieringa
& Kesteven, 1992). Below 300 MHz, 3C 444 was used as the main gain calibrator, with its
low frequency spectrum known to better than 10% (Hurley-Walker et al., 2014). Between
300 MHz and 1 GHz, the flux density scale is set to an accuracy of ∼ 5% using the sources
listed in Table 3 of Wills (1973).
The flux density of PKS B0008-421 was measured in every spectral channel of the
visibilities using the task uvfmeas. The uncertainty of each flux density measurement is
dominated by thermal noise and gain calibration errors. The thermal noise was estimated
by dividing the visibility space into a large number of independent cells of a size given
by a window function, and by using the physical antenna size, bandwidth, total system
temperature, time averaged number of baselines in the cell, and total observation time (Eqn.
11; Morales, 2005). The thermal noise is Gaussian and independent between the channels
(Bowman, Morales & Hewitt, 2006; Wilson et al., 2011). The gain calibration errors
were estimated by examining the variation of flux density of the source and calibrator
over different baselines and by comparison of the root-mean-square residuals between the
measured visibilities and the model visibilities of a point source. The gain calibration errors
are independent since the CABB continuum channels have a ‘square’ response (Fig. 12;
Wilson et al., 2011) but may not be normally distributed since they are antenna dependent.
However, the magnitude of the deviation from a Gaussian distribution is dependent on the
uniformity of the gain response of the antennas in the array (Boonstra & van der Veen,
2003). Since the gain response of the antennas of the ATCA are within ∼ 1% of each
other (Wilson et al., 2011), it can be assumed that the uncertainties are approximately
normally distributed. Additionally, the effect of confusing sources on the spectrum of
PKS B0008-421 is negligible, with the next brightest source within the full width at half
maximum of the primary beam of flux density between ∼ 0.4 to 0.6 mJy for all observing
2Details concerning the MIRIAD tasks can be found at http://www.atnf.csiro.au/computing/software/
miriad/taskindex.html.
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frequencies. For the same frequency range, PKS B0008-421 varies between ∼ 4 to 0.5 Jy.
The flux density measurements and their associated uncertainties were grouped into
bins of approximately 200 MHz, with variations in bin size occurring since sections of the
spectrum had been flagged due to RFI. Images were also produced at 1.8, 5.5 and 9.0 GHz
to ensure that the visibilities of PKS B0008-421 were not contaminated by confusing
sources and to confirm that PKS B0008-421 was spatially unresolved at all frequencies.
2.2.2 MWA Observations and Data Reduction
The MWA observed PKS B0008-421 during MWACS, a survey which covers approx-
imately 21 h < RA < 8 h, − 55◦ < Dec. < − 10◦ over three frequency bands centred
at 0.199, 0.150 and 0.180 GHz (Hurley-Walker et al., 2014). MWACS was conducted
between September and December 2012 by taking drift scans at declinations approximately
− 27◦ and− 47◦, using two different 32-tile subarrays of the full 128-tile array. The survey
has a 3 arcminute resolution and noise level of ∼ 40 mJy beam−1 at 0.150 GHz.
Given that the MWA flux density measurements are vital in constraining the spectral
slope below the turnover of PKS B0008-421, it is important to summarise the absolute flux
density calibration that was undertaken for MWACS. The absolute flux density scale was
empirically evaluated by bootstrapping from a source that had been observed by northern
and southern hemisphere radio telescopes. The source 3C32 was selected since it has wide
spectral coverage that is well fit by a simple power-law, shows no evidence of variability,
and is unresolved in MWACS and in the source catalogues used to fill in its spectral energy
distribution. The flux densities of sources in the Dec. − 27◦ maps were corrected by the
least-squares fit to the catalogue flux densities of 3C32. The Dec. − 47◦ mosaic was
corrected to the flux density scale of the Dec. − 27◦ mosaic by using ≈ 600 unresolved
sources in the overlapping region of the two mosaics (see Section 3.4 of Hurley-Walker et
al. 2014 for more details). PKS B0008-421 was unresolved in all images that contributed to
MWACS. Note that we have used all three flux densities measured by MWACS, while the
published catalogue of Hurley-Walker et al. (2014) only reports a flux density at 0.180 GHz
based on a spectral fit to the flux density at the three frequencies. Using all three flux
density measurements is justified due to the brightness of PKS B0008-421 relative to
other sources in the catalogue. Confusion also has a negligible impact on the flux density
measurements at these frequencies since PKS B0008-421 is at least four times brighter
than any other source in the synthesised primary beam.
2.2.3 Archival Data
2.2.3.1 ATCA
PKS B0008-421 has been observed by the ATCA as part of both survey and targeted
programs. For targeted observations, Randall et al. (2011) observed PKS B0008-421 as
part of a campaign to construct an unbiased southern hemisphere catalogue of CSS and
GPS sources. They conducted observations at 1.4, 2.3, 4.8 and 8.6 GHz in the 1.5B array
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using the now superseded 128 MHz array backend. The source was not included as part of
their final catalogue since the observed frequencies were not low enough to constrain the
turnover. PKS B0008-421 was also observed by Ricci et al. (2004) as part of a program
focusing on the polarisation properties of bright radio sources at 18.5 GHz. Since the
15 mm receivers were in the commissioning phase at the time of observation, only three
antennas in a compact configuration were used with 128 MHz bandwidth. Additionally,
Ricci et al. (2004) had poor atmospheric phase stability during the observations so they
used non-imaging model-fitting techniques to calibrate and derive source flux densities in
all the Stokes parameters after accounting for confusion. The sources of Ricci et al. (2004)
were followed up by Ricci et al. (2006) at 22 GHz.
During the blind Australia Telescope 20 GHz Survey (AT20G; Murphy et al., 2010),
PKS B0008-421 was observed with the ATCA using two 128 MHz bands centred on 18.752
and 21.056 GHz, which were then combined into a single band centred on 19.9 GHz. The
source was followed up at 4.8 and 8.6 GHz. Upper limits were placed on the polarised flux
density and fractional polarisation at these frequencies. All observations were conducted in
a hybrid array. PKS B0008-421 was also observed as part the Australia Telescope-Parkes-
MIT-NRAO survey (ATPMN; McConnell et al., 2012), which was an ATCA survey of
Parkes-MIT-NRAO (PMN; Wright et al., 1994) sources at 4.8 and 8.64 GHz, with the array
in 6C and using a 128 MHz bandpass. PKS B0008-421 was spatially unresolved for all
observations conducted by the ATCA. Furthermore, PKS B0008-421 remained unresolved
when the AT20G data were reprocessed utilizing the study of 6 km baselines (Chhetri et al.,
2013). All ATCA flux densities are listed in Table 2.1.
2.2.3.2 Parkes 64 m Radio Telescope
The Parkes 64 m radio telescope observed PKS B0008-421 between 1965 and 1969 at
0.580, 0.635, 0.960, 1.410, 2.700, 5.000 and 5.009 GHz (Wills, 1975, and references
therein). At 0.580, 0.635 and 0.960 GHz uncertainty due to confusion can be large since
the Parkes 64 m radio telescope is a single dish, so scans were made over a large range
of right ascension and declination to correct for effects of any strong confusing sources
on the base level on either side of the scan. PKS B0008-421 is located in a field that is
isolated from sources brighter than 1 Jy at 0.635 GHz. PKS B0008-421 was also observed
by the Parkes interferometer, which consisted of the 64 m radio telescope and a 18 m
radio telescope, at 0.468 GHz. This had the advantage of allowing the effects of confusing
sources on source structure to be separated and removed. These observations are discussed
at greater length by Wills (1975). Note that the flux densities have been adjusted from
the flux density scale of Wills (1973) to the Baars et al. (1977) flux density scale via
appropriate frequency dependent multiplicative factors. Additionally, PKS B0008-421 was
observed as part of the PMN survey at 4.85 GHz (Wright et al., 1994). The Parkes 64 m
radio telescope flux density measurements are also listed in Table 2.1.
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2.2.3.3 Molonglo Observatory Synthesis Telescope
PKS B0008-421 was observed by the MOST during the Sydney University Molonglo Sky
Survey (SUMSS; Bock, Large & Sadler, 1999; Mauch et al., 2003) at 0.843 GHz and the
Molonglo Reference Catalogue (MRC; Large et al., 1981) at 0.408 GHz. Additionally,
PKS B0008-421 was frequently observed by the MOST at 0.843 GHz as part of a calibrator
observation campaign from 1987 to 1996 (Campbell-Wilson & Hunstead, 1994; Gaensler
& Hunstead, 2000). The flux density measurements are presented in Table 2.1. See the
discussion on variability in Section 2.4.1 for further details about these observations.
2.2.3.4 Giant Metrewave Radio Telescope
The GMRT observed PKS B0008-421 at 0.235 and 0.610 GHz as part of its observing
program to identify suitable low radio frequency calibrators3. PKS B0008-421 was
unresolved at both frequencies. Uncertainties on the flux density measurements were
calculated from the noise in the images and the errors in the gain solution of PKS B1934-
638. The flux densities are presented in Table 2.1.
2.2.3.5 Very Long Baseline Interferometry Observations
VLBI observations of GPS sources are integral to understanding their nature because it
is only with this high level of resolution that the source structure can be characterised.
PKS B0008-421 was part of a VLBI monitoring campaign of southern hemisphere GPS
sources at 2.3 and 8.4 GHz from 1990 to 1993 using a combination of antennas at seven
different locations in Australia and one in South Africa (King, 1994; Jauncey et al., 2003).
Based on model fitting to the visibilities and closure phases, PKS B0008-421 was well
described by a model comprising two aligned linear components (King, 1994). At 2.3 GHz,
the separation of these two components was observed to be ∼ 120 milliarcseconds, which
at z = 1.12 corresponds to a physical separation of ∼ 1000 pc; calculated assuming a
spatially flat ΛCDM cosmology with matter density ΩM = 0.286, vacuum energy density
Ωλ = 0.714, and Hubble constant H0 = 69.6 km s−1 Mpc−1 (Wright, 2006). These
structural properties are also evident in Very Long Baseline Array (VLBA) measurements
of the source at 8.6 GHz (Fey et al., 2004), although detailed model fitting was not
conducted for these observations. This classical double structure and small separation
makes PKS B0008-421 consistent with the morphological CSO classification of GPS
sources.
2.3 Bayesian Inference Model Fitting Routine
We have implemented a Bayesian inference model fitting routine to assess the extent to
which different absorption models can describe the spectrum of PKS B0008-421, and to
3Details on the data reduction process can be found at http://gmrt.ncra.tifr.res.in/gmrt hpage/Users/Help/
CAL/Cal-List.html.
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Figure 2.1: Spectral energy distribution for PKS B0008-421, as described by the data
points in Table 2.1. All points plotted are in the observed frame of PKS B0008-421.
calculate the respective model parameters and associated uncertainties. Suppose that the
observed flux densities at various frequencies are represented by the data vector D and that
we want to estimate the values of the parameters θ in some underlying model of the data
M . One possible way to approach this problem is to utilise Bayes’ theorem,
Pr(θ |D,M) = Pr(D |θ,M)Pr(θ |M)
Pr(D |M) , (2.1)
where Pr(θ |D,M) is the posterior distribution of the model parameters, representing
the updated belief of the model parameters given the data, Pr(D |θ,M) ≡ L(θ) is the
likelihood function, which is the probability of observing the data provided given some
model parameters, Pr(θ |M) ≡ Π(θ) is the prior information associated with the model,
and the Bayesian evidence Pr(D |M) ≡ Z is a measure of how well the model predicts
the data observed.
The flux density measurements of PKS B0008-421 in Table 2.1 are independent since
the measurements are conducted by different instruments or the receivers had a response
that ensures independence between channels. We make the justified assumption that the
uncertainty σn on each measurement is normally distributed.
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Since the flux density measurements are independent and the uncertainty on each
measurement is normally distributed, the joint log likelihood function we used for this
analysis was:
lnL(θ) = −1
2
∑
n
[
(Dn − Sν(νn))2
σ2n
+ ln(2piσ2n)
]
, (2.2)
where Dn is the flux density observed at frequency νn and Sν(νn) is the expected flux
density at νn from the model given parameters θ. This likelihood function was convolved
with uniform priors for each model parameter with sensible ranges placed by known
physical constraints. For example, the peak frequency or normalisation of the flux density
can not be negative.
The most efficient way to calculate the posterior probability density functions for the
parameters of different models is via Markov chain Monte Carlo (MCMC) methods, which
are designed to discretely sample posterior probability density functions of model parame-
ters such that the likelihood function is maximised. We implemented an affine-invariant
ensemble sampler (Goodman & Weare, 2010), via the Python package emcee (Foreman-
Mackey et al., 2013), which means the algorithm utilises an ensemble of “walkers” and
is relatively insensitive to covariance between parameters since it performs equally well
under all linear transformations. We utilised the simplex algorithm to direct the walkers to
the maximum of the likelihood function (Nelder & Mead, 1965).
A Bayesian inference approach to modelling radio spectra has several advantages over
traditional probabilistic data analysis procedures, such as least-squares and maximum-
likelihood methods. This includes the ability to marginalise over nuisance parameters,
generate complete probability distributions of model parameters and to incorporate prior
knowledge so known physical constraints can be naturally placed on the system. Most
importantly, since we are fitting non-linear models, Bayesian inference facilitates a more
objective model comparison than traditional reduced χ2-tests via comparison of evidence
values, which appropriately penalise any additional degrees of freedom by integrating over
all parameter space in each model (Jeffreys, 1961; Andrae, Schulze-Hartung & Melchior,
2010).
Bayesian evidence is required to normalise the posterior over the prior volume so that:
Z =
∫ ∫
· · ·
∫
L(θ)Π(θ)dθ, (2.3)
where the dimensionality of the integration is set by the number of parameters in the model.
The evidence can be thought of as the numerical statement of Occam’s razor, since it
represents the average of the likelihood over the prior volume. This means that models
with high likelihood values throughout parameter space are favoured over models with
low likelihood regions. Unless a complex model provides a significantly better fit to the
data than a model with a smaller parameter space, the evidence value will be larger for the
model with a smaller number of parameters. We calculated the evidence for the different
models using the algorithm MULTINEST (Feroz et al., 2013), which is an implementation
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of nested sampling. The algorithm is initialised by uniformly sampling the prior space and
then contracting the distribution of samples around high likelihood regions by discarding
the sample with the least likelihood. A random sample is duplicated to keep the number of
samples constant. This process is repeated until the replacement of samples is optimised
after finding the region of maximum likelihood. The strength of nested sampling is that it
calculates the mean posterior probability and the evidence. We ensured that the parameter
estimates from MULTINEST were within uncertainty of those outputted by emcee, such
that the calculated evidence was indicative of the best model fit.
Assuming a priori that two models are equally likely to describe the data, model
selection can be performed solely based on the ratios of the respective evidences. In this
chapter we perform this in log space such that ∆ ln(Z) = ln(Z2) − ln(Z1). Using an
updated version of the Jefferys scale (e.g. Kass & Raftery, 1995; Scaife & Heald, 2012),
∆ ln(Z) ≥ 3 is strong evidence thatM2 is favoured overM1, 1 < ∆ ln(Z) < 3 is moderate
evidence in support of M2 over M1, while 0 < ∆ ln(Z) < 1 is inconclusive. For the sake
of comparison to literature we have also included reduced χ2 values for model selection
assessment.
Note that each flux density measurement will have a systematic uncertainty associated
with the absolute flux density scale, which could cause the ensemble of measurements to
deviate from a Gaussian distribution. To test whether this would have an impact on the
fitting process we introduced hyperparameters to the fits (Hobson, Bridle & Lahav, 2002).
Hyperparameters are similar to nuisance parameters in that they are marginalised over when
calculating the posterior distribution, but hyperparameters differ in that they are not present
in the model beforehand. They provide a method to quantify inaccurate uncertainties and
systematic errors via weighting of the data sets (Hobson, Bridle & Lahav, 2002). We find
no statistical evidence that a hyperparameter is justified to model a possible deviation
from a normal distribution for the ensemble of measurements, with ∆ ln(Z) < 1 when
comparing fits with and without a hyperparameter. The reason the ensemble distribution
closely adheres to a Gaussian distribution is likely due to the fact that PKS B1934-638 was
used to set the flux density scale for the majority of the observations.
2.4 Results
The different absorption models for radio galaxies can be separated into two broad cate-
gories based on the underlying absorption mechanism: FFA and SSA. For FFA, the models
vary depending on whether the ionised screen is internal or external to the radio emitting
plasma, and on the topology of the screens. Additionally, the spectrum can also exhibit
breaks due to the ageing of the electron population. In this section we first justify the use
of multi-epoch data to fit the spectra of PKS B0008-421, and then outline the different
features of the absorption models and fitting statistics.
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2.4.1 Variability
When considering the use of multi-epoch data to describe the spectrum of PKS B0008-421,
it is important to determine whether PKS B0008-421 displays any temporal variability
that could result in deviations to its intrinsic spectrum. PKS B0008-421 has been part of
several radio monitoring campaigns, since it is used as a primary or secondary calibrator
for many southern hemisphere radio telescopes. Campbell-Wilson & Hunstead (1994) and
Gaensler & Hunstead (2000) both studied PKS B0008-421 with the MOST to ascertain
whether it displayed any evidence of intrinsic variability or scintillation at 0.843 GHz.
PKS B0008-421 was observed irregularly over 22,000 times in a 2-minute scan mode
between 1987 and 1996, with separation between the observations ranging from several
hours to days. In order to test for variability, Gaensler & Hunstead (2000) calculated
the χ2 probability that the flux density has remained constant from the light curve of
PKS B0008-421, binned in 30 day intervals. This bin size was selected to reduce the
effects of unrecognised systematic errors in the flux density determination and the presence
of confusing sources in the field. PKS B0008-421 was found to be non-variable on this
time scale following the procedure of Kesteven, Bridle & Brandie (1976), which compares
the probability of whether the dispersion in the weighted mean flux density comes from
intrinsic variability or distributions of measurement errors, with a p-value significantly
greater than 0.01.
PKS B0008-421 was also part of a monitoring campaign by the Tasmanian Mount
Pleasant 26 m antenna between 1990 and 1993. PKS B0008-421 was regularly observed
over a 30 month period 52 and 34 times at 2.3 and 8.4 GHz, respectively (Jauncey et al.,
2003). The average root-mean-square errors of the observations were ∼ 0.1 Jy. Using the
same statistical technique applied by Gaensler & Hunstead (2000), King (1994) demon-
strated that PKS B0008-421 was not variable at 2.3 GHz and 8.4 GHz with p-values of
0.02 and 0.95, respectively.
Therefore, it is evident that PKS B0008-421 is not variable, within the uncertainties
of these datasets, over timescales from hours to decades at several frequencies. This lack
of variability is consistent with the nature of most GPS sources that have morphologies
consistent with CSOs (O’Dea, 1998; Fassnacht & Taylor, 2001), and justifies the use of
multi-epoch data to model the spectrum.
2.4.2 Free-Free Absorption
FFA involves the attenuation of emission radiation by an external or internal ionised
screen relative to the emitting electrons. The morphology of the screen could be either
homogeneous or inhomogeneous. For electron temperature Te in K and free electron
density ne in cm−3, the optical depth due to FFA at frequency ν in GHz is approximated by
τν ≈ 8.24× 10−2ν−2.1T−1.35e
∫
n2e dl, (2.4)
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where l is the distance through the source in pc (Mezger & Henderson, 1967). Assuming
that a homogeneous ionised screen surrounds the plasma producing the non-thermal
power-law spectrum, the resulting free-free absorbed spectrum is described by
Sν = aν
αe−τν , (2.5)
where a characterises the amplitude of the intrinsic synchrotron spectrum, and α is the
spectral index of the synchrotron spectrum. It is convenient to parametrise the optical
depth as τν = (ν/νp)−2.1, where νp is the frequency at which the optical depth is unity.
The best model fit for the spectrum is shown in Figure 2.2(a) and the resulting parameter
values, with associated 1-σ uncertainties, are presented in Table 2.2.
As is clear from the fitting statistics, a single homogeneous absorbing screen cannot
accurately describe the spectrum of PKS B0008-421: the gradient below the turnover is
too steep and it overpredicts the flux density at high frequencies. One possible alternative,
as suggested by Tingay & de Kool (2003), is to fit two separate homogeneous free-free
absorbing screens in front of two separate non-thermal distributions of electrons, since
the source has been resolved into two components. The justification for this method is
that for all observations with lower resolution than VLBI, the flux density we measure
represents the sum of the environments of both these components. Therefore, the double
homogeneous free-free model fit to the spectrum has the form:
Sν =
∑
i=1,2
aiν
αie−τν,i . (2.6)
The resulting fit is also presented in Figure 2.2(a) and Table 2.2. The double homoge-
neous FFA model is a statistical improvement over the single homogeneous model, with
∆ ln(Z) > 6. However, despite doubling the number of parameters in the model, the
double homogeneous FFA model still falls too rapidly at low radio frequencies and over
predicts the flux density at high frequencies.
It is possible that the absorbing ionised medium is mixed in with the relativistic
electrons that are producing the non-thermal spectrum. In that case the spectrum is
characterised as
Sν = aν
α
(
1− e−τν
τν
)
. (2.7)
This fit is presented in Figure 2.2(b) and in Table 2.2. It is evident that the internal FFA
cannot accurately describe the spectrum because of its shallow slope below the turnover.
This is to be expected since the gradient below the turnover for such a model should be
α + 2.1.
An alternative FFA model, proposed by Bicknell, Dopita & O’Dea (1997), treats the
FFA screen as inhomogeneous and external to the non-thermal electrons in the lobes of
the source. In this model, the jets from the AGN produce a bow shock that photoionises
the interstellar medium as it propagates, such that if the density of the gas surrounding the
radio lobe is sufficiently high, it will cause FFA. Hence, the clouds have a range of optical
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depths that Bicknell, Dopita & O’Dea (1997) assume follow a power-law distribution η
parametrised by the index p, such that ηp ∝ ∫ (n2eT−1.35e )pdl. Note that we require p > −1
otherwise the model reduces to the homogeneous limit, and η varies from 0 to a maximum
value η0 = ν−2.1p . Assuming that the length scale of the shock and the inhomogeneities
in the interstellar medium are both much less than the size of the lobes, the model can be
represented by
Sν = a(p+ 1)γ
[
p+ 1,
(
ν
νp
)−2.1](
ν
νp
)2.1(p+1)+α
, (2.8)
where γ is the lower incomplete gamma function of order p + 1. The model is plotted
in Figure 2.2(c) and the fit parameters are represented in Table 2.2. This is the best
fitting FFA model with ∆ ln(Z) > 3 when compared to the double homogeneous model.
Comparatively to the double homogeneous FFA model, the inhomogeneous FFA model
provides a better fit to the slope below the turnover but continues to predict additional flux
at high frequencies.
Table 2.2: Best fit parameters and their associated uncertainties for the different absorption models. The uncertainties presented are 1-σ. Note the reported values are
for the observed frame of PKS B0008-421. The parameters listed in the table are: the normalisation parameters of the intrinsic synchrotron spectrum ai, the spectral
indices of the synchrotron spectrum αi, the power-law indices of the electron energy distribution βi, the frequencies at which the optical depth of the absorption model
is unity νp,i, the high-frequency exponential cutoff νbr, the reduced χ2-value of the model fit χ2red, and the log of the Bayesian evidence of the model fit ln(Z).
Models a1 (Jy) a2 (Jy) α1 α2 β1 β2 νp,1 (GHz) νp,2 (GHz) p νbr (GHz) χ2red ln(Z)
Single Homogeneous FFA 7.99 ± 0.08 · · · −1.190 ± 0.006 · · · · · · · · · 0.480 ± 0.007 · · · · · · · · · 12.18 −567.4 ± 0.2
Double Homogeneous FFA 3.6 ± 0.2 5.8 ± 0.2 −1.27+0.05−0.04 −1.28 ± 0.03 · · · · · · 0.293 ± 0.007 0.93 ± 0.05 · · · · · · 5.52 −422.4 ± 0.2
Inhomogeneous FFA 12.0 ± 0.3 · · · −1.221 ± 0.008 · · · · · · · · · 0.75 ± 0.02 · · · 0.24 ± 0.04 · · · 5.72 −419.0 ± 0.6
Internal FFA 8.8 ± 0.1 · · · −1.240 ± 0.008 · · · · · · · · · 0.90 ± 0.02 · · · · · · · · · 7.13 −567.4 ± 0.2
Single SSA 13.4 ± 0.2 · · · · · · · · · 3.27 ± 0.01 · · · 0.575 ± 0.008 · · · · · · · · · 13.83 −609.5 ± 0.1
Double SSA 12.2 ± 0.3 2.5 ± 0.2 · · · · · · 3.48 ± 0.06 3.56+0.08−0.07 0.459 ± 0.009 1.56 ± 0.7 · · · · · · 5.36 −408.5 ± 0.3
Single SSA + exp. break 12.4 ± 0.2 · · · · · · · · · 2.61 ± 0.03 · · · 0.75 ± 0.02 · · · · · · 13.7 ± 0.7 2.39 −336.6 ± 0.2
Double SSA + exp. break 8.3+0.6−0.7 6.1
+0.7
−0.6 · · · · · · 3.3+0.3−0.2 2.55+0.06−0.08 0.34+0.07−0.08 0.73+0.04−0.05 · · · 12 ± 2 1.09 −305.8 ± 0.3
Inhomogeneous FFA + exp. break 12.9 ± 0.3 · · · −0.93 ± 0.02 · · · · · · · · · 0.55 ± 0.02 · · · 0.37+0.07−0.06 19 ± 1 0.80 −304.1 ± 0.1
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2.4.3 Synchrotron Self-Absorption
SSA has been the other dominant theory used to explain the inverted spectra of GPS
sources. In this model, the turnover occurs because the source cannot have a brightness
temperature that exceeds the plasma temperature of the non-thermal electrons (Kellermann,
1966). Alternatively, SSA can be thought to occur at the frequency at which the relativistic
electrons and emitted synchrotron photons have a high chance of scattering. The absorption
cross-section for a synchrotron electron and a low-energy photon is greater at larger
wavelengths. Hence, for a source of a given size, very-long wavelength emission is only
visible from a very thin shell at the surface of the source. As the observing frequency
increases, photons emerge from regions of the source that are progressively deeper in the
source such that the total flux density increases until the optically thin regime is reached.
Parametrising the spectrum in terms of the power-law index, β, of the electron energy
distribution (Tingay & de Kool, 2003), such that α = −(β − 1)/2, and assuming the
synchrotron emitting region is homogeneous, the spectrum is modelled by:
Sν = a
(
ν
νp
)−(β−1)/2(
1− e−τ
τ
)
, (2.9a)
where,
τ =
(
ν
νp
)−(β+4)/2
, (2.9b)
and where νp corresponds to the frequency at which the source becomes optically thick.
This is the frequency at which the mean free path of electron-photon scatterings is approxi-
mately the size of the source. Applying the same logic as in Section 2.4.2, that the observed
flux density from the source is the sum of two different lobes with different electron energy
distributions, the spectrum could also be described by two SSA components such that
Sν =
∑
i=1,2
ai
(
ν
νp,i
)−(βi−1)/2(1− e−τi
τi
)
, (2.10a)
where,
τi =
(
ν
νp,i
)−(βi+4)/2
. (2.10b)
The fits for the single and double SSA models are presented in Table 2.2 and Figure
2.2(d). The double SSA model is statistically better fit than the single SSA model, with
∆ ln(Z) > 100. However, as evident in Figure 2.2(d), both models accurately model
the slope below the turnover but underestimate the flux density at low frequencies and
overestimate it at high frequencies.
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We do not outline an inhomogeneous model of SSA since the slope below the turnover
in the spectrum of PKS B0008-421 is close to the theoretical prediction of the homogeneous
SSA model. An attempt to fit a more general inhomogeneous SSA model finds that the
steep spectral slope forces the model fit to be degenerate with the homogeneous SSA
model.
2.4.4 Spectral breaks and cut-offs
As the non-thermal electrons age in the jets and lobes of a radio source, synchrotron and
inverse-Compton losses preferentially deplete high-energy electron populations such that
the spectrum deviates from a single power-law. There are several models that predict
how the shape of the spectrum should evolve. In the continuous injection model of
Kardashev (1962) a stream of electrons is constantly injected into a volume permeated with
a constant magnetic field. This model predicts that the optically thin part of the spectrum
should steepen above a break frequency, ν ′br, from α to α− 0.5. Once this characteristic
break frequency is known, the source’s age and magnetic field strength can be estimated
(Murgia et al., 1999). We find that augmenting the models in the previous section with the
continuous injection model does not improve the fit to the data because of its discontinuous
nature. The abrupt change in spectral index is inconsistent with the smooth, continuous
decline evident in the three bands of CABB data in Figure 2.1, and the fact the decrease in
slope is not steep enough to fit this decline.
For GPS sources the assumptions of the continuous injection model may not hold,
since there is evidence of intermittent and recurrent activity in the nuclei of such sources
(e.g. Owsianik & Conway, 1998; Brocksopp et al., 2007). Approximately ten percent of
GPS sources display several large scale radio structures that are usually explained as relics
of previous active phases (Stanghellini et al., 2005). An alternative model is to assume that
the injection of fresh particles has ceased and that the radio source is already in the relic
phase. In addition to the transition to the steeper slope α−0.5 after ν ′br, this model predicts
the formation of a high-frequency exponential cutoff after a second break frequency, νbr,
such that the absorption models have an additional multiplicative factor e−ν/νbr (Jaffe &
Perola, 1973; Komissarov & Gubanov, 1994; Murgia, 2003). This second break frequency
is related to the first according to
νbr = ν
′
br
(
ts
toff
)2
, (2.11)
where ts is the age of the source and toff is the time since the injection of fresh electrons
has ceased.
As mentioned above, a steepening of the optically thin slope to α−0.5 is not statistically
evident for PKS B0008-421. However, it is possible that the first break frequency ν ′br
has moved to a lower frequency below the spectral turnover. This is consistent with the
fact that the absorption models require an extraordinarily steep injection spectral index of
α ∼−1.2 to fit the high-frequency data of PKS B0008-421. If the injection has ceased
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Figure 2.2: Different absorption model fits to the spectral energy distribution of PKS B0008-
421, using the parameter values reported in Table 2.2. The coloured regions associated
with the models represent the 1-σ uncertainty on the model fit at the respective frequency.
The χ-values for the model fits are displayed below the spectral energy distributions. (a)
Single and double homogeneous FFA models are shown in brown and red, respectively.
(b) Internal FFA model is represented in gray. (c) Inhomogeneous FFA model is shown in
green. (d) Single and double SSA model fits are presented in purple and blue, respectively.
(e) Inhomogeneous FFA model with an exponential spectral break is shown in green. (f)
Single and double SSA models, with exponential spectral breaks, are presented in purple
and blue, respectively. All fits are conducted in the observed frame.
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and the first spectral break frequency has moved to the optically thick part of the spectrum,
a more reasonable injection spectral index of α ∼−0.7 can fit the optically thin part of
the spectrum. As is clear in Table 2.2, the addition of an exponential attenuation at high
frequencies provides a very significant statistical improvement in the overall fit to the
spectrum, with ∆ ln(Z) > 100 for corresponding models compared with and without
the exponential break. Note that while all the models are improved by the exponential
break, only the three best fitting models are presented in Figures 2.2(e) and 2.2(f) as
the addition of the exponential break still does not allow the spectral slope below the
turnover to be well fit for homogeneous free-free and internal FFA models. After the
addition of the high-frequency exponential break, the two best fitting models are the double
SSA and the inhomogeneous FFA. The difference in Bayesian evidence between these
two models, ∆ ln(Z) = 1.7, moderately favours the inhomogeneous FFA model with an
exponential break over the double SSA model with an exponential break. Such exponential
spectral breaks have been observed in other sources, for instance PKS B1518+047 (Orienti,
Murgia & Dallacasa, 2010). Significantly, not only does this addition allow the models
to follow the curvature evident in the CABB bands, it also ensures that the double SSA
and inhomogeneous FFA models do not underestimate the flux density at low frequencies.
This indicates that it is necessary to have good high-frequency coverage to correctly model
the flux below the turnover in the spectrum.
Note that the high-frequency steepening could be due to source structure gradually
being resolved out when observing from low to high frequencies or by the presence of
older extended structure. As discussed in Section 2.2, the steepening cannot be due to
resolution affects since PKS B0008-421 was unresolved at all frequencies, even when
6 km baselines are used at 20 GHz (Chhetri et al., 2013). All imaging at the frequencies of
the ATCA observations, and at VLBI resolutions, also did not provide any evidence for
extended structure. Therefore, the break evident in the spectrum is highly likely to be a
physical feature of PKS B0008-421. Additionally, the high-frequency steepening cannot
be the result of the synchrotron-emitting pitch angles being redistributed. This is because
the electrons will flow along the magnetic field lines if the pitch angles are not conserved,
leading to smaller energy losses (Spangler, 1979).
2.5 Discussion
PKS B0008-421 represents an extreme outlier in the population of GPS sources. It has
the smallest spectral width (defined as the fullwidth at half maximum), ∼ 0.5 decade of
frequency, and steepest low radio frequency slope, α ∼+2.4, of any known GPS source.
The average spectral width and spectral index below the turnover for GPS sources are
∼ 1.2 decades of frequency (O’Dea, Baum & Stanghellini, 1991) and α ∼+0.7 (de Vries,
Barthel & O’Dea, 1997), respectively. The outlier nature of PKS B0008-421 is emphasised
in Figure 2.3, which shows the distribution of the spectral indices of MWACS sources
that have a AT20G counterpart. Such a population is dominated by bright, compact radio
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sources, likely including many GPS sources. The spectral slope of PKS B0008-421 in the
MWACS band is over five standard deviations away from the median of the distribution.
Since PKS B0008-421 has an observed peak frequency below a gigahertz and a
double component morphology that has a physical separation of ∼ 1000 pc, it has several
similarities to a CSS source. However, when the relationships between the observed
spectral peak, radio power, angular size and peak brightness are compared (e.g. Fig. 1,
Snellen et al. 2000; Fig. 1, An & Baan 2012), all of PKS B0008-421 spectral properties are
consistent with the GPS/CSO classification. Additionally, the physical separation between
the double components is too large to for PKS B0008-421 to be associated with the HFP
population (Orienti et al., 2006).
It is noteworthy that the slope of the spectrum below the turnover of PKS B0008-421
is close to the SSA theoretical limit of α = +2.5. This is because the common explanation
for observing shallower spectral gradients below the turnover is due to inhomogeneity
of the SSA regions in the source (O’Dea, 1998; Tingay & de Kool, 2003). Such a
steep low-frequency gradient could be indicative of a homogeneous emitting structure
that could allow the most comprehensive differentiation between the different types of
absorption models. Additionally, the very steep optically thin spectral index of α ∼−1.2
is a surprising characteristic since, if the youth scenario is correct, the radio emission
from GPS sources should have only started several thousand years ago. This would imply
an extraordinary injection spectral index is needed, or a source significantly older than
common for GPS sources.
As shown in Section 2.4, we can statistically conclude that internal FFA, single and
double homogeneous FFA, and single SSA cannot be responsible for the turnover in the
spectrum of PKS B0008-421. The two models that best fit the spectrum of PKS B0008-421
are the inhomogeneous FFA and double SSA models, both with the addition of a high-
frequency exponential break. Both models can accurately predict the flux density and slope
of the spectrum at high and low radio frequencies. By eye the two fits are identical but the
difference in Bayesian evidence, ∆ ln(Z) = 1.7, moderately favours the inhomogeneous
FFA model over the double SSA model.
However, both the inhomogeneous FFA and double SSA models require some abnormal
physical parameters to generate their fit, underscoring the extreme nature of PKS B0008-
421. Using the best fitting parameters from the double SSA model with an exponential
break, the magnetic field strength of the source can be estimated. Provided that the spectral
turnover of GPS sources is caused by SSA, the turnover frequency νmax, in GHz, for a
homogeneous, self-absorbed radio source with a power-law electron energy distribution
can be expressed (Kellermann & Pauliny-Toth, 1981) in terms of the magnetic field strength
B, in G4, the flux density at the turnover frequency Smax, in Jy, and angular size of the
source θmax, in milliarcseconds, by
νmax ∼ 8.1B1/5S2/5maxθ−4/5(1 + z)1/5. (2.12)
4A gauss, G, is a non-SI unit of magnetic flux density, where 1 G ≡ 10−4 T.
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Figure 2.3: Distribution of the MWACS spectral index for the 706 sources detected in
both MWACS and AT20G. Such a sample is dominated by compact sources. α in this plot
represents the spectral index of the source derived from the MWACS observations only.
The location of PKS B0008-421 is highlighted in orange and by an arrow. This location is
over five standard deviations away from the median of the distribution.
For PKS B0008-421, this is estimated to be B ∼ 4.1 G. This is an order of magnitude
larger than the typical magnetic field strength reported for GPS sources, which are often
in the range of 5 to 100 mG (O’Dea, 1998; Orienti & Dallacasa, 2008). If the observed
VLBI structure is really the separation of two small components, the magnetic field could
be smaller than ≈ 4 G. However, in such a case the measured strength of the magnetic field
would still remain the largest measured in GPS sources by an order of magnitude, and
there is no evidence that such a structure exists.
In comparison, the inhomogeneous FFA model demands a large, positive p value to
fit the steep low-frequency spectral slope, as shown in Table 2.2. All previous literature
values report values of p that are negative or zero because of the more common shallow
slope below the turnover (Bicknell, Dopita & O’Dea, 1997; Tingay & de Kool, 2003).
Since p parametrises the distribution of optical depth of absorbing clouds, the implication
of a large, positive p is that there are substantially more clouds of high emission measure
than clouds of low emission measure. In terms of the environment of the source, this could
be justified if the radio jet is beginning to propagate into the environment and breaking up
the interstellar medium into several large, dense and cool clouds. Therefore, a positive p
is consistent with the idea that the source is confined to a small spatial scale due to high
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density, low temperature clouds. If the jets continue to propagate into the medium, the jet
interactions with the surrounding medium will increase the temperature and decrease the
density of the clouds, as evident in Wagner & Bicknell (2011), such that p will decrease
towards more common literature values.
Independent of the underlying absorption model, the necessity of a high-frequency
exponential break to accurately fit the spectrum means that injection or acceleration of
relativistic particles has ceased in the source (Orienti, Murgia & Dallacasa, 2010). The
lack of variability also suggests that PKS B0008-421 is no longer being powered. The
presence of a high energy exponential break, but no statistical evidence of the first spectral
break frequency, indicates that the first break has moved to the optically thick part of the
spectrum, ν ′br . 0.59 GHz. This allows a more typical injection spectral index α ∼−0.7
to fit the optically thin part of the spectrum. With the knowledge of the spectral break
frequencies, we can place a lower limit on the age the source ts and calculate the time since
the last injection of electrons toff using
ts = 5.03× 104B−3/2ν ′br(1 + z)1/2 yr, (2.13)
and Equation 2.11, where B is in mG and the break frequencies are in GHz.
Since GPS sources have been shown to be in equipartition (Orienti & Dallacasa, 2008),
we can estimate the magnetic field strength of PKS B0008-421 independently of SSA
through equipartition theory, which requires that the total energy densities of cosmic
rays and the magnetic fields are equal. Using the revised formula of Beck & Krause
(2005), the equipartition magnetic field for an injection spectral index of α = −0.7 is Beq
∼ 6.2 mG. This magnetic field strength is inconsistent with that derived from SSA theory,
but consistent with other magnetic field strengths derived for GPS sources (Orienti &
Dallacasa, 2008). Using the equipartition magnetic field strength, the radiative lifetime of
PKS B0008-421 is calculated to be ts & 2900 years and, using νbr from the inhomogeneous
FFA model, the time since the last injection of fresh electrons is toff = 550± 110 years.
Both of these values are consistent with the youth hypothesis of GPS sources (Murgia
et al., 1999). Applying the much larger magnetic field strength calculated from SSA theory
and the fitted νbr from the double SSA model, the radiative age lower limit is unrestrictive
and we find toff ∼ 650, 000 years. This time period is inconsistent with a source with such
a large flux density and provides a physical argument in favour of inhomogeneous FFA
over the double SSA model.
Further evidence that the inhomogeneous FFA model is responsible for the turnover in
the spectrum of PKS B0008-421 is that the peak frequency occurs at around a gigahertz.
If the injection of relativistic electrons has finished, strong adiabatic cooling should see a
shift of the peak frequency quickly out of the gigahertz regime. Assuming the magnetic
field is frozen into the plasma, the spectral peak would decrease from νp,0 at time t0 to νp,1
at time t1 with νp,1 = νp,0(t0/t1)4 (Orienti & Dallacasa, 2008). This would suggest the
detection of a GPS source that has ceased actively fuelling radio jets would be rare because
the peak would quickly shift out of common observable radio frequencies. However, a
possible way that PKS B0008-421 has maintained its peak frequency close to a gigahertz,
CHAPTER 2. SPECTRAL MODELLING OF THE EXTREME GPS SOURCE PKS
B0008-421 46
despite the cessation of fresh electrons around 500 years ago, is through the presence of a
dense ambient medium. This dense medium would limit the adiabatic losses and maintain
the observed peak brightness and frequency. This again favours the inhomogeneous FFA
model to explain the spectrum of PKS B0008-421 since the large, positive p parameter
needed for the fit also implies a dense surrounding medium. A test of this hypothesis
would be to target PKS B0008-421 for H I absorption studies and to determine whether
the associated absorption towards the source has a column density & 1020 cm−2, since
this model suggests it is probable much of the medium surrounding the jets is unionised
(Vermeulen et al., 2003; Tengstrand et al., 2009).
It is important to emphasise that both the double SSA and inhomogeneous FFA
model fits require extreme physical conditions to provide an adequate fit to the spec-
trum PKS B0008-421. In the case of the double SSA, the model requires a magnetic
field strength that is an order of magnitude larger than the average for the population of
GPS sources. While for the case of FFA, the model requires a distribution of emission
measure that is dominated by cold and dense clouds to provide an adequate fit. However,
the magnetic field strength required by SSA is inconsistent with equipartition and with the
characteristic time scales required by the exponential spectral break. Since the physical
parameters required by FFA are independently consistent with the characteristic time scales
of the exponential spectral break and with the fact that the peak of the spectrum is still near
a gigahertz, we suggest that the extreme physical environment that the inhomogeneous
FFA model requires is more likely than that required by the double SSA model fit.
The study of PKS B0008-421 also has implications for the types of sources that will be
discovered by the all-sky surveys being performed MWA and LOFAR. Many GPS sources
that are at z > 1 and have ceased actively fuelling their jets would not be identifiable at
gigahertz wavelengths as classical GPS sources, since their spectral peaks would be below
0.3 GHz. This means that these two telescopes could reveal high redshift GPS sources
and a whole new population of GPS sources that have ceased activity and are fading. If a
large number of GPS sources are identified as having ceased activity, it will be possible
to conduct a comprehensive analysis as to whether such a population can explain the
overabundance problem of CSS and GPS sources encountered by Readhead et al. (1996)
and An & Baan (2012). PKS B0008-421 also has implications for the identification of
ultra-steep spectrum (USS) sources, which are sources defined as having α < −1. While
Klamer et al. (2006) did not find high-frequency steepening for a sample of USS sources,
PKS B0008-421 would be identified as a USS source if no observations had been conducted
below 0.6 GHz. This could imply that at least part of the USS population consists of dying
GPS sources where the spectral break has shifted below the low radio frequency turnover.
Finally, the next generation of blind, large H I absorption studies, such as the planned H I
absorption survey on ASKAP (Johnston et al., 2008), will be vital in constraining the H I
densities in GPS sources and could provide additional evidence for FFA.
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2.6 Conclusions
We have presented broadband spectral modelling of the extreme GPS source PKS B0008-
421, which represents an outlier in the current GPS population since it has the steepest
spectral slope below the turnover, and smallest spectral width, of any known GPS source.
PKS B0008-421 is part of the CSO morphological class, and its lack of variability allowed
the use of multi-epoch data to describe the spectrum, with spectral coverage from 0.118 to
22 GHz. In this analysis we have:
1. Determined the two best fitting spectral models are double SSA and inhomogeneous
FFA. We also statistically excluded internal FFA, single and double component
homogeneous FFA, and single component SSA as being explanations for the turnover
in the spectrum of PKS B0008-421.
2. Demonstrated the necessity of a high-frequency exponential break to adequately
describe the spectrum of the source. This implies that the source has a spectral break
below the turnover and has likely ceased the injection of fresh particles. With the
requirement of a high-frequency exponential break, the inhomogeneous FFA model
is moderately statistically favoured over the double SSA model.
3. Highlighted that since activity in the source has ceased, constraints can be placed on
the time since last injection. If the physical parameters derived from the double SSA
fit are used, the time periods that result are unrealistic. However, parameters from the
inhomogeneous FFA model provide a time since the last injection of fresh electrons
toff = 550 ± 110 years. The existence of a spectral peak in the gigahertz range
requires a high density ambient medium to restrict adiabatic losses. This conclusion
is congruous with the dense ambient medium required by the inhomogeneous FFA
fit. These two lines of evidence lead us to conclude that inhomogeneous FFA is
responsible for the turnover in the spectrum of PKS B0008-421.
These conclusions imply it is likely that MWA and LOFAR will expose a new popula-
tion of CSS and GPS sources that have ceased activity. Such sources would not have been
identified from previous high-frequency surveys since the spectral peak would have shifted
below a gigahertz. If such a population is found to be prominent, it could help explain
the overabundance of GPS sources in the local Universe relative to the number of large
galaxies. Additionally, the steep optically thin component of PKS B0008-421 suggests it
is possible that part of the USS population consists of a population of dying GPS sources
for which the spectral break has shifted below the low radio frequency turnover.
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3Empirical Modelling of the Primary
Beam of the Murchison Widefield
Array
The information that is presented in this chapter was circulated within the MWA consor-
tium and presented at the MWA project meeting, December, 2014.
We empirically model the primary beam of the MWA to the 10% power level by
exploiting the meridian drift scan technique used by the all-sky MWA survey. The primary
beam response was empirically calculated by comparing the ratio of the predicted flux
density of sources, measured from radio spectra, to the flux density observed in non-
primary beam corrected images. We find that the simulated MWA primary beam model is
incorrect on the order of ≈ 3% to ≈ 10%, with the magnitude depending on the distance
from the pointing centre. In particular, there is an asymmetry in declination between
the empirical and simulated primary beams, suggesting that a declination dependence in
the flux density scale would need to be corrected in the all-sky MWA survey. Using the
technique outlined in this chapter, such a correction to the flux density scale of the all-sky
MWA survey was applied, as detailed in Chapter 4.
3.1 Introduction
When an astronomer views the Universe through a telescope, the output is a convolution
of the response of the telescope and what is intrinsic to the Universe. Therefore, it is
necessary to accurately characterise a telescope’s response to allow the astronomer to
deconvolve instrumental properties from real physical processes.
In radio astronomy, antenna elements are used to sample the electromagnetic field
radiated by a radio source. The primary response of a radio telescope to the sky is described
by the antenna radiation pattern, which is a function of the collecting area of the antenna,
the observing frequency, observing bandwidth, the direction co-ordinates θ and φ, and
solid angle of the sky (see Kraus et al., 1986; Napier, 1999, for analytical derivations of
the patterns.). A schematic of an antenna radiation pattern to the response of a source in
the far-field is shown in Figure 3.1. The primary beam of the instrument refers to the main
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Figure 3.1: A schematic of the type of antenna radiation pattern, in θ and normalised gain,
that is characteristic of radio telescopes. The primary beam and sidelobes are identified by
respective labels.
lobe of this pattern, in which the majority of the power in located, and the sidelobes are
shown on either side of the primary beam. In general, it is important to minimise the power
in the sidelobes to increase the accuracy of pointing, polarisation and gain calibration, and
to decrease system and confusion noise (Baars, 2014).
For radio interferometers, each antenna has its own station beam pattern that is con-
volved with other station beam patterns to produce an antenna radiation pattern for the
entire array. In particular, the antenna radiation pattern is relatively easy to derive from the
first principals of electromagnetism for single pixel feed interferometers that are composed
of dish antennas (e.g. Silver, 1949), and the beam patterns also have minimal variation
with dish pointing direction. Therefore, such radio interferometers as the ATCA and the
JVLA have highly accurate antenna beam models that are known to better than 1 dB at the
10% power-point of the primary beam, allowing precise gain and polarisation calibration
(Wieringa & Kesteven, 1992; Napier & Rots, 1982).
While the beam characteristics of the previous generation of radio interferometers
are well known, we have again entered an era of astronomy where low radio frequency
observations (< 1 GHz) are mostly performed using aperture arrays, such as the MWA
(Tingay et al., 2013), LOFAR (van Haarlem et al., 2013), and the Precision Array for
Probing the Epoch of Reionization (PAPER; Parsons et al., 2010, 2014). Aperture arrays
focus incoming radiation by varying the delay electronically across the aperture, as opposed
to focusing light via reflection from a parabolic metal surface. While aperture arrays allow
huge collecting areas to be synthesised at low costs (Garrett, 2012), understanding the
antenna beam pattern is a significant challenge. This is mainly because aperture arrays are
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composed of a large number of interacting array elements, observe over a large fractional
bandwidth, and the antenna radiation patterns show large variations with pointing direction.
For example, the MWA uses 128 4 × 4 aperture arrays of bowtie dipoles as its
fundamental antenna elements. This design results in a large collecting area per tile and a
relatively wide primary beam that can be steered away from the bright Galactic plane and
minimise terrestrial radio frequency interference (Neben et al., 2015). The design is also
sensitive between 72 and 300 MHz at a cost significantly less than would be required if
dishes of the appropriate size were used. However, the mutual-coupling effects between
dipoles in a tile, and the large number of degrees of freedom which must be simulated, such
as the hundreds of observing frequencies, many different pointing centres, and relatively
fine angular resolution for the observing frequency, make accurately modelling the MWA
antenna beam pattern very difficult. In particular, the MWA tile design makes it prone to
antenna-to-antenna beam variations (Neben et al., 2016), resulting in the mismodelling of
the mean antenna beam pattern of the array.
While early measurements of the beam pattern of prototype MWA tiles by Bowman
et al. (2007) suggested rough agreement with derived beam models, Sutinjo et al. (2015)
found that interactions between antennas in the full array necessitates more complex
modelling than simple multiplication of a Hertzian dipole beam pattern by an array factor.
Since the main goal of the MWA is to detect the Epoch of Reionisation (EoR), the period
in the Universe in which the first galaxies and stars are forming (see Morales & Wyithe,
2010; Zaroubi, 2013, for reviews), and to produce an all-sky survey, it is necessary to test
if the current model of the antenna beam pattern is accurate. Without an accurate antenna
radiation model, the high dynamic range calibration and foreground subtraction necessary
to detect the EoR, and accurate gain calibration for the all-sky survey, will not be possible.
Therefore, the purpose of this chapter is to assess the validity and accuracy of the
current simulated MWA antenna radiation patterns. We can empirically model the antenna
beam pattern of the MWA by exploiting the drift scan technique employed by the GaLactic
and Extragalactic All-sky MWA (GLEAM; Wayth et al., 2015) survey, combined with
data from all-sky radio surveys conducted between 70 MHz and 1.4 GHz. Since a source
will enter at the edge of the MWA antenna beam pattern and will cross the beam pattern
during a drift scan, and if the flux density of the source at the observing frequency is
known independent of the MWA observation, the response of the antenna beam pattern
can be calculated independently of the simulated beam model. While the fidelity of such
an empirical measurement method will not be high enough to estimate the patterns of the
sidelobes, it is possible to model the primary beam out to ≈ 10% power level.
In Section 3.2, we outline how the MWA antenna radiation pattern is derived empirically.
In Section 3.3, we compare the empirical and simulated MWA antenna radiation patterns,
and discuss possible reasons for deviations between the models in Section 3.4. Suggested
improvements to be made to the simulated MWA antenna radiation pattern is presented in
Section 3.5.
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3.2 Method of empirically measuring the MWA antenna
radiation pattern
The GLEAM survey used a meridian drift scan observing strategy, at seven different
declination settings, to observe the entire sky south of a declination of +30◦ (Wayth et al.,
2015). Observations were conducted at five different frequency bands centred between
72 and 231 MHz, and executed as a series of week long campaigns. A single declination
setting was observed in a night, which resulted in coverage of a strip in the sky between 8
and 10 hours in length. The observing was broken into a series of 120 second scans for
each frequency, cycling through all five frequency settings over 10 minutes, within a night.
Therefore, depending on the frequency of the observation, a source that passed through the
centre of the primary beam could be observed upwards of twenty times before entering the
first null of the beam pattern. The tracing of a source through different parts of the primary
beam is repeated by over a thousand sources due to the large field of view of the MWA.
An example snapshot from the drift scan centred on a declination of −13◦, reduced using
the pipeline detailed in Chapter 4, is provided in Figure 3.2. Note that Figure 3.2 is imaged
out to the first null of the MWA antenna radiation pattern, hence Figure 3.2 only represents
the sky observed by the primary beam of the MWA.
With the primary beam of the MWA sampled by many different sources, if the flux
density of a source is known, it is possible to derive the primary beam response from the
ratio of the flux density measured in the image to the expected flux density. While few
radio surveys have been conducted at the exact observing frequencies of the MWA, it is
possible to calculate the expected flux density of a source using the spectrum derived from
surveys that bracket 70 and 230 MHz. In particular, we use the 74 MHz VLSSr (Lane
et al., 2014), the 408 MHz MRC (Large et al., 1981; Large, Cram & Burgess, 1991), and
the 1.4 GHz NVSS (Condon et al., 1998). VLSSr, MRC, and NVSS were selected over
other surveys since they are highly reliable and cover all of the sky in common with the
GLEAM survey. Note that VLSSr is vital to this analysis as it provides the flux density
measurements that ensures that the spectrum of a source is interpolated between 74 and
230 MHz. The reliance on VLSSr also implies that this technique only directly works
for declination settings north of −30◦, the southern declination limit of VLSSr, and why
the 843 MHz SUMSS (Bock, Large & Sadler, 1999; Mauch et al., 2003) is not used. An
example of estimating the response of the primary beam C from the measured flux density
of a source in an MWA snapshot image Simag and the predicted flux density from the
spectrum Spred, such that C = Simag/Spred, is provided in Figure 3.3.
Therefore, a source was selected to empirically estimate the MWA primary beam
response provided it had the following properties:
1. Unresolved and 8σ above the local root-mean-square (RMS) noise floor of an
individual 7.68 MHz MWA snapshot, where σ is the RMS noise. This is to minimise
any impact that confusion might have on the measurement of Simag. A source was
classified as unresolved in the MWA data if ab/(apsfbpsf) 6 1.1, where a, b, apsf ,
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Figure 3.2: A two-minute MWA snapshot from the drift scan centred on a declination of
−13◦. The observing frequency is centred on 150 MHz. The 4096 × 4096 image is not
primary beam corrected, and the tapering of the antenna radiation pattern is evident by the
significant decline in the number of sources further than 10◦ away from the pointing centre.
The image extends to the first beam null. The synthesised beam size is 2.5′× 2.3′. Since
the telescope is pointed on the meridian for this observation, this pattern of sources drifts
to the right at a rate of ≈ 3◦ every 12 minutes.
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Figure 3.3: Radio spectrum of a source used to derive the empirical primary beam model.
The purple upward-pointing triangle, green leftward-pointing triangle, and navy downward-
pointing triangle represent data points from VLSSr, MRC, and NVSS, respectively. Simag
is shown as a red circle and corresponds to the flux density of the source measured in the
MWA image centred at 150 MHz. Spred is shown as a blue circle and corresponds to the
predicted flux density of the source from a power-law fit to the VLSSr, MRC, and NVSS
data points.
and bpsf are the semi-major and semi-minor axes of a source and the point spread
function, respectively.
2. Unresolved VLSSr, MRC, and NVSS counterparts. We require a counterpart in all
three surveys to provide an accurate spectrum of the source. The cross-matching
routine used to associate the counterparts is outlined in Section 5.3 of Chapter 5.
3. VLSSr counterpart has a flux density > 2 Jy, so as to minimise any systematic biases
present in VLSSr. There are well know issues with the flux density scale of VLSSr
due to mismodelling of the primary beam of the VLA. This is expected to be on
the 3% level, and the impact of confusion is low (Lane et al., 2014). Unfortunately,
VLSSr is the only wide field survey near 70 MHz that has enough sensitivity to
derive the desired corrections.
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4. The spectrum from the VLSSr, MRC and NVSS flux density measurements is well
fit by a power-law (χ2 < 5: for the two degrees of freedom, p < 0.08), has a spectral
index steeper than −0.5. This excludes sources that are doubles at the resolution of
NVSS, since the crossmatch of the lower frequency data will only be to one of the
lobes of the NVSS double. This causes the NVSS flux density to be underestimated,
hence resulting in the spectrum deviating from a power-law (Callingham et al., 2017).
A strong requirement of a good power-law fit also ensures sources that have spectral
curvature or a flat spectrum, which are more likely to be variable, are not selected.
The resulting average source density used to sample the primary beam response is
approximately 8 sources per square degree. An example of the sources that sampled the
primary beam in an entire night of observing, after transforming from horizon to equatorial
co-ordinate systems, is provided in Figure 3.4.
Once the beam was sampled by this method, we interpolated the sampled points to
generate a smooth function using a multi-quadric radial basis function:
ψ(r) =
√
1 + (r)2, (3.1)
where r is analogous to the distance between the points x− xi such that r = ||x− xi||,
and , which is always < 1, quantifies the strength of the correlation between points. The
radial basis function method is a Gaussian process that can handle arbitrarily scattered data
over several dimensions, generating a function that is an exact fit of the data and a good
approximation to the features in the underlying surface (Hardy, 1971). Once the pattern
evident in Figure 3.4 is interpolated, we normalise the pattern by the response at the centre
of the primary beam (Napier, 1999). The resulting empirical primary beam generated from
the points displayed in Figure 3.4 is shown in Figure 3.5.
Note that the uncertainty of this method scales with the number of points within an area
of the beam and the brightness of the sources used to sample the primary beam. The highest
concentration of points usually occurs at the centre of the beam due to the higher fidelity
in that region, and has uncertainty on the scale of 1%. The number of points declines away
from the centre of the primary beam, resulting in an uncertainty in the empirical primary
beam of ≈3% at the 10% power level. Additionally, we conducted observations off the
meridian to ensure that the interpolation of the empirical beam model was not being biased
by sources passing through the primary beam along lines of hour angle. We found that the
interpolation was not influenced by how the sources passed through the primary beam.
3.2.1 Simulated MWA antenna radiation pattern
At the time this analysis was completed, the best simulated MWA antenna radiation pattern
was derived by Sutinjo et al. (2015). Sutinjo et al. (2015) improved the simulated primary
beam model from a simple Hertizan dipole model with an ideal array factor derived by
Bowman et al. (2007) to a model that was based on an electromagnetic simulation that
included mutual coupling effects between the dipoles in a tile. However, the model applies
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Figure 3.4: Sampling of the primary beam by sources observed by the drift scan that was
centred on a declination of −13◦ and at the central frequency of 150 MHz. All sources
passed the selection criteria outlined in Section 3.2. The observed tracks correspond to the
same source sampling the beam at different locations due to different observing times. The
colour bar corresponds to the ratio Simag/Spred.
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Figure 3.5: Empirical MWA primary beam interpolated from the pattern shown in Figure
3.4. The orange contours correspond to 50%, 30%, and 10% power levels of the empirical
beam. The normalised primary beam response corresponds to the colour bar values.
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an average embedded element (AEE) to represent all dipoles. Applying an AEE means that
any mutual coupling between dipoles in a tile are not implicitly included in the simulated
radiation patterns and assumed not to change substantially tile-to-tile. It is this simulated
primary beam model to which we compare the derived empirical beam model.
3.3 Results
We compare the simulated primary beam to the derived empirical primary beam for the drift
scan taken during the GLEAM survey on 2014-03-04, which was centred on a declination
of −13◦. The focus on the data collected during the drift scan centred on a declination of
−13◦ is because the Galactic plane is set during these observations and there are only a
few bright (>50 Jy) sources in this location of the sky, thereby minimising any calibration
issues. In principle, the empirical beam method can extend to any declination setting above
a declination of −30◦.
Presented in Figure 3.6 is the difference between the empirical and simulated beam
models for observations centred on 143, 150, 158, and 166 MHz. Evidently, the accuracy
in the simulated model decreases from the pointing centre, with the difference between the
empirical and simulated beam exceeding ≈5% after the 30% power level at all frequencies.
The difference between the two beams exceeds 10% at the 10% at the power level. Note that
the uncertainty in the empirical beam is ≈ 3% at that location. Additionally, the accuracy
of the simulated beam declines with increasing frequency, with the largest uncertainties in
the simulated model occurring in the observations centred on a frequency of 166 MHz.
While the magnitude of the difference between the beams demonstrates the inaccuracy
of the models, the residual pattern in Figure 3.6 highlights whether applying the simulated
primary beam will generate residuals preferentially in right ascension (RA) or declination.
The residual patterns in Figure 3.6 are symmetric in RA but asymmetric in declination.
This implies that when the snapshots of the GLEAM survey are corrected by the simu-
lated primary beam, and then mosaicked together, there will be a residual primary beam
uncertainties that will produce a residual declination dependence in the flux density scale.
The RA flux density dependence can be mostly removed provided the GLEAM snapshots
overlap at the 30% power level.
Note that this analysis is conducted solely on the linear XX polarisation of the MWA.
Similar patterns are observed for YY polarisation but the simulated beam pattern is slightly
more accurate since the YY (east-west) dipole is not foreshortened in a meridian drift scan.
3.4 Discussion
From empirical measurements of the primary beam, it is found that the simulated MWA
primary beam model is incorrect on the order of ≈ 3% to ≈ 10%, with the magnitude
depending on the distance from the pointing centre. The residual uncertainties in the
simulated beam model is symmetric in RA and asymmetric in declination.
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Figure 3.6: The difference between the empirical and simulated beam for the drift scan
centred on a declination of −13◦ and XX polarisation. The top-left, top-right, bottom-left,
and bottom right plots corresponds to the difference of the beams at the central frequencies
of 143, 150, 158, and 166 MHz, respectively. The orange contours correspond to 50%,
30%, and 10% power levels of the empirical beam.
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Since the pointing centres of the primary beams used in the GLEAM survey were
chosen such that the peak in the primary beam response for a given setting corresponded to
approximately the half power point of the neighbouring primary beam (Wayth et al., 2015),
the RA dependence will be largely removed in the mosaicking procedure of the GLEAM
snapshots. However, there will be an observed residual variation in the flux density with
respect to declination in the mosaics since the asymmetry in the declination uncertainty
will vary with each declination strip observed. How the declination dependence in the flux
density scale is corrected for in the production of the GLEAM extragalactic catalogue is
detailed in Section 4.3.2 Chapter 4.
Since this work was conducted, Neben et al. (2015) confirmed the observed inaccuracy
in the simulated model using an analogue of a MWA tile and emission at 137 MHz from
ORBCOMM satellites. Since the emission from the ORBCOMM satellites is so bright, this
method could accurately sample the MWA antenna beam pattern out to the first sidelobe.
The observed inaccuracy of the primary beam continues to worsen past the 10% beam
power level, with the measurement of sidelobe off by 20% when compared to the simulated
beam model. Such deviations were further confirmed by Neben et al. (2016) through
precision vector network measurements.
While the uncertainty in the MWA primary beam model can be largely compensated for
by the observing strategy in the GLEAM survey, any unmodelled beam errors will severely
limit foreground subtraction accuracy. Therefore, it is vital to derive a more accurate
simulated beam model to improve the ability of the MWA to detect the EoR. The most
obvious avenue of improvement is to ensure that each dipole in the MWA tile is simulated
separately, taking into account all mutual coupling, ground screen and soil effects. Such a
model should account for different properties of the individual dipoles within a tile, which
will largely dominate the uncertainties observed in the current simulated primary beam
model (Sokolowski et al., in prep.). However, antenna-antenna variation in the field, due to
observing conditions, could still limit the derivation of a highly accurate simulated beam
model. Since the detection of the EoR will likely need the MWA antenna beam pattern
to be modelled to better than 1% in the sidelobes (Neben et al., 2016), it is possible that
simulations will not be able to achieve the required level of accuracy. One potentially
promising avenue to pursue in modelling the MWA antenna beam pattern in the field is by
using drones equipped with an antenna broadcasting at a known power and frequency (e.g.
Chang et al., 2015). Jacobs et al. (2016) have demonstrated the potential of such a strategy
on an analogue of a MWA tile, but how such a method could be employed on the MWA as
a whole still needs to be investigated.
3.5 Conclusions
We have empirically modelled the MWA primary beam to the 10% power level by exploit-
ing the drift scan technique employed by the GLEAM survey and the wide field of view
of the MWA. The primary beam was sampled by comparing the measured flux density of
thousands of sources in a non-primary beam corrected MWA snapshot and the predicted
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flux density from a source’s spectrum, formed from a power-law fit to data from VLSSr,
MRC, and NVSS.
The deviation observed between the empirical beam model and the simulated beam
model was on the order of ≈ 3 % to ≈ 10 %, with the magnitude depending on the distance
from the pointing centre. In particular, the observed inaccuracy in the simulated model with
declination suggests that the GLEAM survey will need to correct a residual declination
dependence in the flux density scale.
We suggest that each dipole in the MWA tile should be simulated separately in the
beam model, such that individual mutual coupling are particularly accounted for. This
will correct for the majority of the inaccuracy observed in the current model. However,
antenna-to-antenna variation in the field may limit the accuracy required in a simulated
model for the EoR detection. One interesting avenue to improve on the simulated model
could be using a drone with a broadcasting antenna to sample the MWA array beam.
4GaLactic and Extragalactic All-sky
Murchison Widefield Array (GLEAM)
survey I: A low-frequency extragalactic
catalogue
The following chapter has been reproduced from the peer-reviewed paper Hurley-Walker
et al. (2017), “GaLactic and Extragalactic All-sky Murchison Widefield Array (GLEAM)
survey - I. A low-frequency extragalactic catalogue”, Monthly Notices of the Royal Astro-
nomical Society, 2017, 464, 1146-1167. Minor typographical and grammatical changes
have been made to ensure consistency with the rest of the thesis.
Using the MWA, the low-frequency Square Kilometre Array (SKA1-LOW) precursor
located in Western Australia, we have completed the GLEAM survey, and present the
resulting extragalactic catalogue, utilising the first year of observations. The catalogue
covers 24,831 square degrees, over declinations south of +30◦ and Galactic latitudes
outside 10◦ of the Galactic plane, excluding some areas such as the Magellanic Clouds.
It contains 307,455 radio sources with 20 separate flux density measurements across
72–231 MHz, selected from a time- and frequency- integrated image centred at 200 MHz,
with a resolution of ≈ 2′. Over the catalogued region, we estimate that the catalogue is
90% complete at 170 mJy, and 50% complete at 55 mJy, and large areas are complete at
even lower flux density levels. Its reliability is 99.97% above the detection threshold of
5σ, which itself is typically 50 mJy. These observations constitute the widest fractional
bandwidth and largest sky area survey at radio frequencies to date, and calibrate the low
frequency flux density scale of the southern sky to better than 10%. This chapter presents
details of the flagging, imaging, mosaicking, and source extraction/characterisation, as
well as estimates of the completeness and reliability. All source measurements and images
are available online1. This is the first in a series of publications describing the GLEAM
survey results.
1http://www.mwatelescope.org/
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4.1 Introduction
Low-frequency radio sky surveys are now at the forefront of modern radio astronomy,
as part of preparation for the Square Kilometre Array (Dewdney et al., 2015). Surveys
are currently being performed by a range of established telescopes, such as the GMRT
(Swarup et al., 1991) and the JVLA (Perley et al., 2011). The last decade has also seen the
construction of new radio telescopes, the primary science driver of which is measuring the
emission from high-redshift neutral hydrogen during the EoR, predicted to lie between
50 and 200 MHz (e.g. Furlanetto, Oh & Briggs, 2006; Morales & Wyithe, 2010). These
instruments include LOFAR (van Haarlem et al., 2013), PAPER (Parsons et al., 2010), the
Long Wavelength Array (LWA; Ellingson et al., 2013), and the MWA (Lonsdale et al.,
2009; Tingay et al., 2013).
Recent low-frequency surveys using these established and new telescopes include: the
VLSSr at 74 MHz (Lane et al., 2014), MSSS at 120–180 MHz (Heald et al., 2015), the
TGSS at 150 MHz (Intema et al., 2016), and the GLEAM survey at 72–231 MHz (Wayth
et al., 2015). These build on the success of radio sky surveys released in the late 1990s:
NVSS (Condon et al., 1998) at 1.4 GHz, SUMSS at 843 MHz (Bock, Large & Sadler, 1999;
Mauch et al., 2003), and MRC at 408 MHz (Large et al., 1981; Large, Cram & Burgess,
1991).
The low observing frequencies of the new surveys increase the challenge of dealing
with ionospheric distortion (∝ ν−2) and high sky temperatures from diffuse Galactic
synchrotron emission (∝ ν−2.7). Low frequencies also imply larger fields-of-view, making
imaging more difficult, especially when combined with position-dependent ionospheric
distortion. Additionally, new aperture arrays such as LOFAR and the MWA, consisting of
large arrays of mutually coupled dipoles instead of traditional parabolic dishes, present
demanding challenges to calibration and imaging, with complex frequency- and spatially-
variant sensitivity patterns on the sky (the “primary beams”). The large number of antennas
in these new arrays, coupled with wide fields-of-view, also gives rise to massive data
volumes which are logistically and computationally challenging to handle, putting low-
frequency radio astronomy on the cutting edge of Big Data problems in science.
However, the scientific return is expected to be commensurately great; detecting the
EoR would constrain the last remaining unknown period in standard cosmology; measuring
the low-frequency spectra of radio galaxies will open windows into high-redshift and
synchrotron-self-absorbed populations; detecting the remains of steep-spectrum ancient
radio jets tells us about the life cycle of active galactic nuclei; and measuring the full
spectral details of relics and haloes in galaxy clusters constrains the generation mechanisms
for these sources. More details of the science enabled by wide-band low-frequency
observations, and specifically the MWA, can be found in Bowman et al. (2013).
Further, from the point of view of preparing for SKA1 LOW, the precursor and
pathfinder projects currently underway are deeply informing the design process for the
SKA. LOFAR, the MWA, and PAPER are all exploring different configuration architectures
for large-scale low-frequency arrays, different calibration strategies, and different signal
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extraction strategies for EoR experiments. The MWA plays a key role in this respect, being
located on the site of the eventual SKA1 LOW, and exercising technical and scientific
aspects of low-frequency radio astronomy in an end-to-end manner in that environment.
GLEAM is the MWA’s widefield continuum imaging survey, and has surveyed the sky
south of declination +30◦ over a frequency range of 72–231 MHz. Much of the wisdom
accumulated by the MWA team in addressing the challenges outlined above is expressed
in the production of this survey. As such, the survey represents a significant step forward
for a wide range of astrophysical applications and also represents substantial progress on
the path to SKA1 LOW.
Here we present the first extragalactic radio source catalogue from the GLEAM survey,
consisting of 307,455 sources over 24,831 square degrees: the entire southern sky excluding
the Magellanic Clouds and Galactic latitudes within 10◦of the Galactic Plane. A spectral
resolution of 8 MHz enables multi-frequency studies of radio galaxies, active galactic
nuclei, and galaxy clusters. A drift scan imaging strategy controls systematics and reduces
the number of primary beams which need to be calibrated (Wayth et al., 2015).
This chapter is laid out as follows. Section 4.2 describes the observations, and the
calibration and imaging strategy used in data reduction. Section 4.3 describes the flux
density calibration procedures, including correcting for the MWA primary beam, and
the estimated errors on the procedure; Section 4.4 describes the source-finding process,
how both resolved and unresolved sources are characterised across the wide frequency
bandwidth, and the resulting sensitivity and completeness of the catalogue; Section 4.5
describes the properties of the source catalogue such as spectral index distribution and
source counts; Section 4.7 contains a discussion and conclusion.
All position angles are measured from North through East (i.e. counter-clockwise). All
equatorial co-ordinates are J2000.
4.2 Observations and data reduction
4.2.1 Observations
As detailed by Tingay et al. (2013), the MWA consists of 128 32-dipole antenna “tiles”
distributed over an area approximately 3 km in diameter. Each tile observes two instru-
mental polarisations, “X” (16 dipoles oriented East-West) and “Y” (16 dipoles oriented
North-South), the pointing of which is controlled by per-tile analogue beam formers. The
signals from the tiles are initially processed by 16 in-field receiver units, each of which
services eight tiles.
As described in Wayth et al. (2015), GLEAM observes in week-long drift scan cam-
paigns, with a single declination strip observed each night. The observing bandwidth of
72–231 MHz is covered by shifting frequencies by 30.72 MHz every two minutes, avoiding
the ORBCOMM satellite constellation at 134–139 MHz. Thus, the frequencies of observa-
tion are 72–103 MHz, 103–134 MHz, 139–170 MHz, 170–200 MHz, and 200–231 MHz.
These may be further subdivided for imaging purposes; in this chapter, the 30.72 MHz
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bandwidth is commonly subdivided into four 7.68 MHz sub-channels. The native channel
resolution of these observation is 40 kHz and the native time resolution is 0.5 s.
This chapter concerns only data collected in the first year, i.e. four weeks between
June 2013 and July 2014. We also do not image every observation, since the survey is
redundant across approximately 50% of the observed RA ranges, and some parts are
adversely affected by the Galactic plane and Centaurus A. Table 4.1 lists the observations
which have been used to create this first GLEAM catalogue.
4.2.2 Flagging and averaging
The raw visibility data are processed using COTTER (Offringa et al., 2015), which performs
flagging using the AOFLAGGER algorithm (Offringa, van de Gronde & Roerdink, 2012a)
and averages the visibilities to a time resolution of 4 s and a frequency resolution of 40 kHz,
giving a decorrelation factor of less than a percent at the horizon. Approximately 10% of
the 40 kHz channels are flagged due to aliasing within the polyphase filterbank. Typical
flagging percentages correspond well to those found by Offringa et al. (2015): 2–3% in the
frequency-modulated (FM: 80–100 MHz) and digital TV (DTV: 190-220 MHz) bands and
1.5% elsewhere. In just ≈ 0.5% of observations in the FM and DTV bands, high-intensity
RFI renders the entire 30.72 MHz observation unuseable; these data are simply discarded,
as the highly redundant observing strategy ensures relatively even sky coverage regardless.
4.2.3 Calibration
Snapshot calibration proceeds in three stages: an initial transfer of complex antenna-
based gain solutions derived from a bright, well-modelled calibrator, a self-calibration
loop, and a flux scale and astrometry correction to the resulting images. The MRC is
extremely useful for calibrating both the flux density scale and astrometry of GLEAM. At
408 MHz, the MRC is reasonably close to the GLEAM frequency range, usefully placed
between VLSSr and NVSS in the Northern sky. It covers most of the GLEAM survey
area, over −85◦ < Dec < +18.◦5, and contains 12,141 discrete sources with S > 0.7 Jy,
92% of which are isolated and point-like (MFLAG = 0), at a resolution of 2.′62 by
2.86 sec(Dec + 35.◦5)′. We make use of this catalogue frequently during calibration, and
when we set the final flux scale of the catalogue (Section 4.3).
4.2.3.1 Initial calibration
Electrical delays have been applied to the instrument such that less than 180 ◦ of phase
rotation is evident over the observing bandwidth of 30.72 MHz. Given that GLEAM
mostly consists of sky previously unobserved at these frequencies and angular scales, a
typical observation cannot be immediately self-calibrated using an existing model of the
field. We thus perform an initial calibration in a similar manner to Hurley-Walker et al.
(2014): for each of the five frequency bands, we observe a specific bright calibrator source
(Table 4.2), and Fourier-Transform a model of the source derived from other low-frequency
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Table 4.1: GLEAM first year observing parameters. Nflag is the number of flagged tiles out
of the 128 available. The calibrator is used to find initial bandpass and phase corrections
as described in Section 4.2.
Date RA range (h) Dec (◦) Nflag Calibrator
2013-08-09 19.5–3.5 −55 10 3C444
2013-08-10 19.5–3.5 −27 4 3C444
2013-08-18 19.5–3.5 −72 7 Pictor A
2013-08-22 19.5–3.5 −13 3 3C444
2013-08-25 19.5–3.5 −40 5 3C444
2013-11-05 0–8 −13 4 Hydra A
2013-11-06 0–8 −40 4 Hydra A
2013-11-07 0–8 +2 4 Hydra A
2013-11-08 0–8 −55 4 Hydra A
2013-11-11 0–8 +19 4 Hydra A
2013-11-12 0–8 −72 4 Hydra A
2013-11-25 0–8 −27 4 Hydra A
2014-03-03 6–16 −27 4 Hydra A
2014-03-04 6–16 −13 4 Hydra A
2014-03-06 6–16 +2 4 Hydra A
2014-03-08 6–16 +19 4 Hydra A
2014-03-09 6–16 −72 4 Virgo A
2014-03-16 6–16 −40 4 Virgo A
2014-03-17 6–16 −55 4 Hydra A
2014-06-09 12–22 −27 8 3C444
2014-06-10 12–22 −40 8 3C444
2014-06-11 12–22 +2 8 Hercules A
2014-06-12 12–18.5 −55 8 3C444
2014-06-13 12–19 −13 8 Centaurus A
2014-06-14 12–22 −72 9 Hercules A
2014-06-15 12–22 +18 13 Virgo A
2014-06-16 18.5–22 −13 8 3C444
2014-06-18 18.5–22 −55 8 3C444
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Table 4.2: Sources used for initial bandpass calibration and/or peeled from the data,
with approximate flux densities and spectral indices calculated using measurements over
60–1400 MHz available via the NASA/IPAC Extragalactic Database (NED)3. Exact flux
densities are not needed because the data are self-calibrated during peeling (Section 4.2.3.2),
and every observation is later rescaled to a single flux scale (see Sections 4.2.3.3 and 4.3.2).
Source RA Dec S200MHz/ Jy α Calibrator/Peeled
3C444 22 14 26 −17 01 36 60 −0.96 C
Centaurus A 13 25 28 −43 01 09 1370 −0.50 C
Hydra A 09 18 06 −12 05 44 280 −0.96 C, P
Pictor A 05 19 50 −45 46 44 390 −0.99 C, P
Hercules A 16 51 08 +04 59 33 377 −1.07 C, P
Virgo A 12 30 49 +12 23 28 861 −0.86 C, P
Crab 05 34 32 +22 00 52 1340 −0.22 P
Cygnus A 19 59 28 +40 44 02 7920 −0.78 P
Cassiopeia A 23 23 28 +58 48 42 11900 −0.41 P
measurements, scaled by a model of the primary beam (Sutinjo et al., 2015) to create a
model set of visibilities. Per-40kHz-channel, per-polarisation, per-antenna complex gains
are created using a least-squares fit of the data to the model via the Common Astronomy
Software Applications (CASA2) task BANDPASS. In typical extra-Galactic sky, baselines
shorter than 60 m are not used to perform calibration, due to contamination from expected
large-scale Galactic emission. The calculated antenna amplitude and phase solutions are
then applied to the entire night of drift scan data.
Table 4.2 shows the calibrators used for each drift scan, including their approximate
200-MHz flux densities and spectral indices. The aim of this initial calibration is to bring
the flux scale to within ≈ 20% of the literature values for typical sources, and the phases
to within ≈ 5◦ of their correct values. This allows the creation of an initial sky model from
each observation, in order to begin a self-calibration loop.
4.2.3.2 Peeling
As the MWA dipoles are arranged in a regular grid in every tile, and the field-of-view
is wide, sources also appear in primary beam grating sidelobes with sensitivity levels of
order 10% of the main beam response. These sidelobes lie 45–90◦ from the main lobe:
imaging them for every observation would be prohibitively expensive. Typically, the
sidelobes observe only “faint” extra-Galactic sky, but occasionally a bright (> 100 Jy)
source may cause significant signal in the visibilities. In these cases, further processing
is made considerably easier by first “peeling” such a source from the visibilities. An
2http://casa.nrao.edu/
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automatic script reads a list of bright sources’ positions and flux densities and multiplies it
by a model of the primary beam for that observation. Whenever a source is expected to be
more than 50 Jy in apparent flux density, it is peeled from the visibilities. Sources fainter
than this do not upset the self-calibration loop.
In a similar fashion to the initial calibration step (Section 4.2.3.1), a model of the source
is multiplied by the model of the primary beam, and Fourier-Transformed into visibility
space. A self-calibration is performed (in both amplitude and phase), the gains applied to
these model visibilities and then the source is subtracted from the main visibility dataset.
We do not apply the derived gains to the main visibility dataset, because the primary beam
grating lobes have steep spectral behaviour, which would cause an unusual amplitude gain
factor; the sky covered by the sidelobes also experiences different ionospheric conditions
to the main lobe, so applying these gains would cause a phase distortion in the main lobe.
Table 4.2 shows the sources peeled from the GLEAM data.
4.2.3.3 Imaging and self-calibration
The widefield imager WSCLEAN (Offringa et al., 2014) is used for all imaging, as it
deals with the wide-field w-term effects using w-stacking, can produce a useful projection
for our data, and performs deep imaging in a reasonable time (≈ 3 hours per 2-minute
observation) in a multi-threaded fashion, suitable for use on supercomputers. All imaging
is performed on a per-observation basis, forming 2-minute “snapshots” of the sky.
Throughout the imaging process, we image the primary beam down to the 10% level,
corresponding to squares of 4000 pixels on each side. Pixel scales are chosen such that the
width at half its maximum value (full-width half-maximum; FWHM) of the synthesised
beam is always sampled by at least four pixels. For example, at the lowest frequency of
72 MHz, the pixel size is 57.′′3× 57.′′3, and the imaged field-of-view is 63.◦8× 63.◦8; for the
highest frequency of 231 MHz, the pixel size is 23.′′4× 23.′′4 and the imaged field-of-view
is 26.◦0× 26.◦0.
We use an optimum (u, v)-weighting scheme for imaging compact objects with the
MWA: the “Briggs” scheme, using a “robust” parameter of −1.0 (close to uniform weight-
ing) (Briggs, 1995b). Such a weighting scheme was largely chosen to decrease the impact
of classical confusion and diffuse Galactic structure, and improve the survey resolution.
All linear instrumental polarisations are imaged, and during the CLEAN process, peaks are
detected in the summed combination of the polarisations, but components are refitted to
each polarisation once a peak location is selected. The projection used is a SIN projection
centred on the minimum-w pointing, i.e. hour angle = 0, Dec −26.7◦. The restoring beam
is a 2-D Gaussian fit to the central part of the dirty beam, and remains very similar in shape
(within 10%) for each frequency band of the entire survey, which will be important later
for mosaicking (Section 4.2.5).
Using CHGCENTRE, part of the WSCLEAN package, the peeled visibilities are phase-
rotated to the minimum w-term direction, within 1◦ of zenith. This optimises the speed and
3http://ned.ipac.caltech.edu/
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memory use of the w-stacking algorithm (Offringa et al., 2014). The observation is imaged
across the entire 30 MHz bandwidth using multi-frequency synthesis, in instrumental
polarisations (XX, XY, YX, YY), down to the first negative clean component, without any
major cycles. Given the noise-reducing effects of the initial calibration and peeling steps
described above, this typically results in models of total flux density ≈ 50− 200 Jy, with
around one clean component per square degree. (For comparison, final models usually
have ≈ 25 clean components per square degree and a total flux density ≈ 100− 400 Jy.)
These instrumental polarisation images are combined using the complex primary beam
(Sutinjo et al., 2015) into astronomical Stokes (I, Q, U, V). Based on previous polarisation
observations with the MWA 32-tile prototype (Bernardi et al., 2013), we expect the vast
majority of clean components to be unpolarised, so set Q, U and V to zero, in order that
the initial self-calibration model is purely unpolarised. The Stokes I image is transformed
using the same primary beam model back into instrumental polarisations, and this new
model is Fourier-transformed to create a set of model visibilities, which are used to derive
new per-40-kHz-channel per-polarisation per-antenna complex gain solutions (in both
amplitude and phase), over the whole observing interval of 112 s. Identically to the initial
calibration step, baselines shorter than 60 m are not used to determine calibration solutions.
The new gains are then applied to the visibilities. AOFLAGGER is rerun on the visibili-
ties in order to flag any RFI which was missed by the initial flagging step (Section 4.2.2),
and is easier to detect now that the data are calibrated. This is particularly useful for
the FM and DTV bands, where typically another ≈ 1% of the bandwidth is flagged per
observation. As a measure of image noise, the RMS of the initial image is measured and a
new CLEAN threshold is set to three times that RMS: typical values of this new CLEAN
threshold are 240–60 mJy from 72–231 MHz.
At this stage, we divide the 30.72 MHz bandwidth of each observation into narrower
sub-bands of 7.68 MHz, which will be used throughout the rest of the chapter. This
sub-band width was chosen as a compromise between various factors. As the width of a
sub-band increases, the synthesised beam sidelobes are reduced, and this alongside higher
sensitivity enables deeper deconvolution. However, the primary beam model, generated
at the centre of the sub-band, becomes less correct for the edges of the sub-band, as the
bandwidth increases. The logistics of processing a large amount of data becomes more
difficult depending on how much the data is sub-divided, while the potential usefulness
of the catalogue increases with higher frequency resolution, as long as sensitivity is not
overly reduced. Dividing the 30.72 MHz bandwidth into four 7.68-MHz sub-bands is a
good compromise between these competing factors. The central area of the synthesised
beam of a 7.68-MHz sub-band at 200 MHz is shown in Figure 4.1, showing minima and
maxima of order 8% of the peak response.
Using WSCLEAN, we jointly clean these sub-bands, also jointly searching for CLEAN
components across the instrumental polarisations, as in the initial imaging step. Major
cycles are performed: typically four per observation. When the CLEAN threshold is reached,
the CLEAN components are restored to make the instrumental polarisation images. These
are again transformed using the primary beam model to make astronomical Stokes images.
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MRC is then used to set a basic flux scale for the snapshot images. Typically the
self-calibrated images have a flux scale 10–20% lower than the initial images, as only
80–90% of sky flux is captured in the initial model at the start of the self-calibration loop.
We note that the loop does not cause sources uncaptured in the initial model to become even
fainter, as they would in a telescope with fewer antennas (self-calibration bias); instead,
all sources become fainter. We also note that while it would be ideal to perform snapshot
calibration on a scaled sky model, from e.g. VLSSr and MRC, attempts to do so resulted in
lower-fidelity images than a direct self-calibration, likely due to poorly-extrapolated source
spectral indices and morphologies. Instead, we rescale the flux scale by selecting a sample
of sources and cross-matching them with MRC, then compare the measured flux densities
with those predicted from MRC. Failing to do this would lead to flux scale variations of
order 10–20% between snapshots.
For the purposes of per-snapshot flux calibration, source-finding is performed using
AEGEAN v1.9.6 (Hancock et al., 2012) 4 on the primary-beam-corrected Stokes I images,
using a minimum threshold of 8σ (typically 1.6–0.3 Jy). Unresolved sources are selected
by using only sources where the integrated flux density is less than twice the peak flux
density. Sources in positions where the primary beam has < 20% of the maximum primary
beam sensitivity are discarded, as are any peeled and restored bright (S > 100 Jy) sources
(Table 4.2). The snapshot catalogue and MRC are cross-matched using the Starlink Tables
Infrastructure Library Toolset (STILTS; Taylor, 2006), using only MRC sources identified
as morphologically simple, and isolated (MFLAG = 0). The MRC flux densities are scaled
to the relevant snapshot frequency using an assumed spectral index α = −0.85. (Note
that the precise flux scale is irrelevant as a more thorough flux calibration is performed
later; see Section 4.3). We calculate the ratio of the scaled MRC flux densities and the
measured snapshot integrated flux densities, weighting by the square of the S/N of the
sources in the GLEAM snapshot, and use this ratio to scale the snapshot. Typically around
250 sources are used to perform the flux calibration. This removes any remaining RA-
(time-) dependent flux scale errors from the drift scans; these are typically of order 10–20%.
Typical expected snapshot RMS values are 200 mJy at 72 MHz to 40 mJy at 231 MHz.
After the rescaling, the RMS of the image is measured, and if it is more than double the
expected value for the band, the snapshot is discarded. This removes a further ≈ 2% of
snapshots.
4.2.4 Astrometric calibration
Per-snapshot position offsets are introduced from ionospheric distortions, which vary
slowly over the night. There is usually also a small (< 20′′) astrometry error constant
across all snapshots that is introduced at the initial calibration stage, for two reasons:
the calibrator models used are generally scaled from high-frequency observations, where
the morphology of the source may be different, and the calibrator observations are often
4https://github.com/PaulHancock/Aegean
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Figure 4.1: Central square degree of the synthesised beam of the MWA at 200–208 MHz,
showing the low sidelobe levels.
made at a different location in the sky, resulting in a different refractive angle through the
ionosphere.
For Declinations south of 18.◦5, the MRC catalogue is used to determine the reference
positions of sources. North of this declination, we form a similar catalogue, by cross-
matching NVSS and VLSSr, and calculating a 408 MHz flux density assuming a simple
power law spectral index for every source, and then discarding all sources with S408 MHz <
0.67 Jy, the same minimum flux density as MRC. For these remaining sources, the NVSS
positions are used as the reference source positions. For sources detected in each GLEAM
snapshot, we use the same source size and signal-to-noise filters as the previous section.
We crossmatch the “extended” MRC catalogue with every GLEAM snapshot catalogue,
and calculate the position offsets for every source. In each snapshot there are 100–1000
crossmatched sources, depending on observation quality and frequency.
Equatorial celestial co-ordinates are not the correct reference frame for determining
widefield ionospheric corrections, particularly near the South Celestial Pole. Therefore,
we convert our RA and declination offsets into (l,m) offsets. We fit a radial basis function
to these offsets, with a scale size of 10◦, the typical scale size of ionospheric distortions.
Figure 4.2 shows the raw source position offsets and the fitted radial basis function, for a
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Figure 4.2: The last frame of an animation, at four frames per second, of the mea-
sured and modelled ionospheric distortions for 44 observations performed on the night
of 2013 Nov 25, at 72–80 MHz, where the distortions are largest. The left panel shows
source position offsets, as measured by comparing the positions of 8-σ unresolved sources
with the MRC and NVSS catalogues (see Section 4.2.4 for a full description of the cross-
matching). The vectors indicate the direction of the correction that needs to be applied to
align GLEAM with the reference catalogues. The right panel shows a radial basis function
fit to these vectors, with values shown over a grid of 50× 50 points. In both panels, the
axes are plotted in (l,m) rather than in equatorial co-ordinates. The diagonal gap in the
source offset measurements in the last ten observations is caused by the Galactic Plane.
single night of observing. The radial basis function is then applied to the original snapshot
image, and the original pixel data interpolated onto the modified grid using a Clough-
Tocher 2D interpolator (Clough & Tocher, 1965). The divergence of the ionospheric offset
vectors is typically very low, much less than 0.1%, so no flux correction needs to be made
to the resulting image data.
After astrometric correction, the per-snapshot difference RMS is of order 10–15′′ at
the lowest frequencies and 3–6′′ at the higher frequencies. Based on the FWHM of the
synthesised beam (210–93′′) and the S/N of the sources used (typically 20), one would
expect the RMS from measurement error to be of order 5′′ at the lowest frequencies and
2.′′5 at the highest frequencies (Fomalont, 1999). We conclude that there is a residual
direction-dependent ionospheric distortion of magnitude 5–10′′ at the lowest frequencies,
and 0.5–2.5′′ at the higher frequencies. While a visibility-based direction-dependent
calibration for each snapshot would be ideal, at the time of writing, the algorithms and
computational resources were not available to perform this over the entire surveyed area.
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Figure 4.3: The left panel shows the last frame of an animation, at four frames per
second, of the central 45◦ × 45◦ of the Dec−27 103–111 MHz drift data from the first
twenty observations taken on the night of 2013 Nov 25, and following the imaging
procedure outlined in Section 4.2.3.3. The central declination remains constant throughout
at Dec= −26◦47′; the first frame is centred on RA= 00h02m and the last is centred on
RA= 03h23m. The greyscale is linear and runs from −0.1 to 1 Jy beam−1, and a primary
beam correction has been made to produce a pseudo-Stokes-I view (not truly Stokes I,
as the polarisation cross-terms are discarded, as described in Section 4.2.5). In order to
enhance the visibility of the point sources in this figure, the images in this panel have been
convolved with a Gaussian of FWHM 5′. A square indicates the area shown in the top
right panel, which shows PKS J0141-2706 and the surrounding 45′ × 45′, with a linear
grayscale from −1 to 10 Jy beam−1. The bottom right panel shows the measured integrated
flux density of PKS J0141-2706 in each image (points; solid lines), with the local RMS of
the image shown as an error bar. The dashed line shows the square of the primary beam
response, which, combined with a global image RMS measurement, is the weighting given
to each measurement at the mosaicking stage.
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4.2.5 Mosaicking
After flagging, self-calibration, imaging, basic flux calibration and bulk ionospheric correc-
tion have been performed, there exist, for each night, of order 3,200 snapshots of the sky, in
the four instrumental polarisation parameters and four 7.68-MHz frequency bands for each
observation. As an example, the first twenty primary-beam-corrected and flux-calibrated
snapshots of the 103–111 MHz observations of the night of 2013 Nov 25 are shown in
Figure 4.3, as well as a randomly-chosen typical ≈ 12 Jy source, PKS J0141-2706, and
its integrated flux density as measured in each snapshot. As is particularly visible at the
edges of the image, correcting the snapshots to astronomical Stokes using the current
primary beam model does not result in flat flux calibration across the image compared
to literature values: there are residual errors in the model of order 5–20%, worst at fre-
quencies > 180 MHz, at distances of more than 20◦ from the centre of the primary beam,
and at zenith angles of more than 30◦. For this reason we do not combine the XX and YY
snapshots (or perform any averaging across frequency bands) at this stage, and instead
follow a similar method to Hurley-Walker et al. (2014) to separately flux-calibrate these
polarisations before combining them into pseudo-Stokes I. As there are complex errors in
the primary beam model, but compact objects are not typically strongly polarised at low
frequencies, we are unable to correct the instrumental cross-terms (XY, YX); these are
discarded at this stage.
Throughout, we use the mosaicking software SWARP (Bertin et al., 2002). To minimise
flux loss from resampling, images are oversampled by a factor of four when regridded,
before being downsampled back to their original resolution. When generating mosaics,
we weight each snapshot by the square of its primary beam response; although we know
the primary beam model to be inaccurate, we do not have the S/N to derive a new primary
beam model based on the snapshots alone, particularly at the fainter edges toward the
null. This weighting is shown as a dashed line in the bottom right panel of Figure 4.3.
The strong weighting ensures that where the beam model is most inaccurate (< 50% of
the full response), it is most strongly downweighted (by a factor of > 4 moving outward
from that half-power point). We also include an inverse-variance weighting based on the
typical RMS of the centre of each snapshot, which optimises the mosaics toward better
S/N, downweighting any snapshot with residual sidelobes from poorly-peeled sidelobe
sources or residual RFI.
In essence, this follows equation (1) from Sault, Staveley-Smith & Brouw (1996) which
maximises the S/N in the output mosaic given the changing S/N over the field in each
snapshot due to the primary beam.
For each night, the mosaicking process forms 40 mosaics from the 20 × 7.68-MHz
sub-bands and the two polarisations, XX and YY.
CHAPTER 4. GLEAM EXTRAGALACTIC CATALOGUE 75
4.3 Flux scaling and primary beam corrections
4.3.1 Matching the polarisations
The first step we take is to rescale the XX mosaics to match the YY mosaics, for which
the beam model is slightly more accurate, as the YY (E–W) dipole is not foreshortened
in a meridian drift scan. This is carried out by source-finding on each mosaic, setting
a minimum threshold of 8σ and excluding all resolved and peeled sources. The two
catalogues are cross-matched, and a fifth-order polynomial is fit to the ratio of the flux
densities of the sources measured in the two polarisations, with respect to declination. This
polynomial is applied to the XX mosaic to rescale it to match the YY mosaic. A detailed
RMS map of each polarisation is formed using the Background and Noise Estimator
(BANE) from the AEGEAN package, and used as the input to an inverse-variance weighted
addition of the two mosaics. This forms a pseudo-Stokes-I mosaic for each sub-band,
which is used from here onward for further flux calibration. Figure 4.4 shows the typical
ratios and calculated polynomial corrections for a night of GLEAM observations.
4.3.2 Correcting the primary beam error and establishing the flux
density scale
From empirical measurements of the primary beam it was discovered that the analytical
primary beam model is incorrect on the order of ∼5% to ∼20% (Sutinjo et al., 2015),
with the magnitude depending on the distance from the pointing centre and the observed
declination strip. While such primary beam uncertainties are minimised in the mosaicking
procedure of the snapshots, there is still an observed residual variation in the flux density
with respect to declination in the mosaics. To correct for this declination-dependent
variation in flux density, and in the process set the flux density scale empirically, we fit
polynomial functions to the ratio of the measured and predicted flux densities of bright
sources, with respect to declination, then apply the calculated correction factors.
While the primary beam model is also dependent on declination, polynomials do not
need to be derived for every declination strip because GLEAM only uses four unique
analogue beamformer settings to perform the drift scans. This means that three of the
settings are mirror-images of each other: Dec−40◦ and Dec−13◦, Dec−55◦ and Dec +2◦,
and Dec−72◦ and Dec +19◦. Therefore, a declination-dependent primary beam correction
derived for any of these pointings can be applied to its mirror declination strip by transpos-
ing and reversing the correction with respect to zenith. (The zenith pointing at Dec−27◦ is
of course symmetric about zenith itself.) In order to interpolate predicted spectra over the
GLEAM band, rather than extrapolating down in frequency, we require a measured flux
density at or below our lowest frequency measurement of 72–80 MHz. Fortunately, we can
use VLSSr at 74 MHz, but only for declinations greater than −30◦. Therefore, we derive
polynomial corrections for Dec−13◦, Dec +2◦ and Dec +19◦, and apply those corrections
to both the original mosaics, and Dec−40◦, Dec−55◦, and Dec −72◦, respectively. Since
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Figure 4.4: Ratios of source peak fluxes measured in YY and XX mosaics from 2013-
11-07, centered on Dec +2◦, with respect to declination. All 20 sub-bands are shown,
from lowest (top-left) to highest (bottom-right) frequencies. The weight of the data is
the quadrature sum of the S/N of the sources in each mosaic, and is represented in a log
grayscale, with darker points having higher weight. Fifth-order polynomial fits to the data
are shown as blue solid lines. The declination range sampled reduces as the primary beam
becomes narrower with increasing frequency.
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the primary beam is dependent on frequency, polynomials are independently derived for
each of the twenty 7.68 MHz frequency bands. The calculation proceeds as follows.
Unresolved sources 8σ above the RMS noise floor of an individual 7.68 MHz MWA
mosaic are identified and crossmatched with the VLSSr, MRC, and NVSS. Each source is
required to have an unresolved counterpart in all three catalogues and a VLSSr counterpart
that has a flux density >2 Jy, so as to minimise the influence of any systematic biases
present in VLSSr. Additionally, the source must be more than two degrees away from the
edge of the mosaic, have an absolute Galactic latitude greater than 10◦, remain unresolved
at all frequencies, and be flagged as isolated in MRC (MFLAG = 0) and NVSS. The
spectral energy distributions (SEDs) of these sources formed from the VLSSr, MRC and
NVSS flux density measurements must also be well fit by a power law (χ2 < 5: for the two
degrees of freedom, p < 0.08) and have a spectral index α less than −0.5. This excludes
sources that are doubles at the resolution of NVSS, and sources that have spectral curvature
or a flat spectrum, which are more likely to be variable. The resulting average source
density is approximately three sources per square degree.
Correction factors are derived by comparing the measured GLEAM flux density and
the expected flux density derived from the power law fit to the VLSSr, MRC and NVSS
flux density measurements. A polynomial is then fit to the correction factors as a function
of declination, weighted by the square of the S/N of the source. A cubic polynomial was
always favoured over other polynomial orders as assessed by the Bayesian fitting procedure
described in Section 2.3 of Chapter 2. For zenith, only sources with Dec> −26.◦7 were fit.
The corrections are applied to the original mosaics and also mirrored across the zenith
and applied to the corresponding mosaic on the opposite side of the sky. Note that while
the corrections are symmetric in elevation, the mosaics are formed in RA and Dec. The
sky rotates more slowly through the primary beam with increasing |Dec| away from the
equator, leading to a different amount of time on source. This effect is calculated and
removed by measuring and applying the ratio of the XX:YY corrections North and South
of the zenith.
An example of the polynomials derived for each frequency at Dec +2◦ is provided
in Figure 4.5. A schematic of the different correction procedures, and how the GLEAM
survey compares to declination coverage to other well-known radio surveys, is presented
in Figure 4.6.
Exploiting the symmetry of the primary beam over the meridian in correcting the flux
density declination-dependence is contingent on the flux density variation being solely due
to inaccuracies in the primary beam model. It is possible the ionosphere could produce a
similar declination-dependence due to variation in electron column density with respect
to elevation, and variations of ionospheric conditions each observing night (see e.g. Loi
et al., 2015). However, we are confident that the observed declination-dependence is
primarily due to deficiencies in the primary beam model because the polynomials derived
for the same section of the sky on different observing nights were found to be identical.
Additionally, each mosaic of a declination strip has overlap regions with the bracketing
declination strips taken three months apart. The polynomials derived independently in the
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Figure 4.5: The ratio of the predicted flux density from the SEDs formed from VLSSr,
MRC and NVSS flux density measurements, to the GLEAM flux density measurements,
for the Dec +2◦ strip, from observations taken on the night of 2013-11-07. All twenty
subband frequencies of GLEAM are presented, with obvious deviations from unity largest
for the highest frequencies. The weight of the data is the quadrature sum of the S/N of
the sources in the mosaic, and is represented in a log grayscale, with darker points having
higher weight. Third-order polynomial fits to the data are shown as blue solid lines. The
declination range sampled reduces as the primary beam becomes narrower with increasing
frequency.
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Figure 4.6: A schematic demonstrating the declination coverage of GLEAM relative to
other radio surveys and the correction procedures performed for the different drift scans.
The declination settings of the drift scans performed are plotted as solid black lines. The
declination coverage of VLSSr, MRC, SUMSS and NVSS, relative to the GLEAM survey,
are represented by coloured symbols. Whether the correction of the variation in flux density
with declination was derived or reflected from a mirror declination setting is conveyed
by red and blue shading, respectively. The darker red or blue shading represents greater
uncertainty in the flux density scale in that declination range, as discussed in Section 4.3.2.
Note that in the final images, the transitions are not sharp as depicted here, as the data are
inverse-variance weighted by the primary beam before co-addition.
bracketing mosaics are identical in the overlap regions, further suggesting the declination-
dependence in the flux density is due to the primary beam model. This is demonstrated in
Figure 4.7, which shows the declination dependence in the correction factors is flat after
the polynomials have been applied across the whole survey above a declination of −30◦.
The declination-dependent correction procedure alters slightly at Dec > +18.◦5 as this
is the northern limit of MRC. Hence, sources that have a declination greater than 18.◦5
have only two flux density measurements from which to estimate the correct flux density
at the GLEAM observing frequency. This substantially increases the spread in correction
factors due to the increase in contamination by sources with spectral curvature. Therefore,
the precision of the declination-dependent flux scale correction is lower for sources with
declinations greater than +18.◦5 and less than −72◦, the latter due to the mirroring of the
corrections. This is conveyed by increased systematic uncertainties in the flux density for
sources above and below these declinations (see Section 4.4.5.1).
Note that in this correction process the flux density measurements in VLSSr are
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Figure 4.7: The overall flux scale of the 151 MHz narrow-band image, compared to source
models extrapolated from VLSSr, MRC and NVSS, as described in Section 4.3.2. The
ordinate axis shows the ratio of the predicted to measured flux densities and the abscissa
shows declination. The greyscale of the points is the log of their weights, given by their
S/N in the wideband image. The curves on the right show weighted log-Gaussian fits to
the distribution of the ratios: the outer green dashed line shows the fit for those points
with Dec > 18.◦5, for which no MRC data was available, while the blue dashed line shows
the fit for those points with Dec < 18.◦5, covered by MRC. The standard deviation of the
high-declination curve is 13% and the standard deviation of the low-declination curve is
8%. The plots and statistics for other narrow bands are almost identical.
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converted from the flux density scale of Roger, Costain & Bridle (RCB; 1973) to the flux
density scale of Baars et al. (1977) for this analysis. The Baars flux density scale is less
accurate than the RCB flux density scale below 300 MHz (Rees, 1990) but such inaccuracy
is on the order of ∼3% or less (Perley et al., in prep.), and smaller than the uncertainties
introduced by correcting the declination-dependence. The conversion to the Baars flux
density scale was also to facilitate the use of the GLEAM survey with other radio frequency
catalogues and to ensure consistency with future southern hemisphere surveys that will be
conducted at frequencies greater than 300 MHz, such as those to be completed by ASKAP
(Hotan et al., 2014).
4.3.2.1 Independent test of the GLEAM survey flux density scale
To independently test the accuracy of the flux density scale of the GLEAM survey, we
observed 47 compact sources between declinations of +25◦ and −45◦ using the P-band
system on the JVLA (proposal 14B-498, PI Callingham). The P-band system is sensitive
between 230 and 470 MHz, providing an overlap at the top of the GLEAM frequency band
allowing a direct comparison of the flux density scales.
The target sources were selected to be compact, non-variable sources that were brighter
than 4 Jy at 408 MHz, criteria used by the well-characterised MS4 catalogue (Burgess &
Hunstead, 2006a). Sources were observed in two two-minute snapshot observations with
the VLA in either CnB or B configuration. The data reduction was performed using the
standard AIPS packages. 3C48 was used to set the flux density scale for the observations,
which also placed the P-band observations on the Baars et al. (1977) flux density scale.
Any discrepancy between the GLEAM and P-band was always less than a difference of
∼5%, well within the uncertainties on the flux density measurements. Therefore, we find
no disagreement, within uncertainties, at the top end of the GLEAM band, for the sources
in this sample. The SEDs of two of the sources targeted are provided in Figure 4.8.
4.3.2.2 Comparison with other catalogues
Cross-matching the GLEAM extragalactic catalogue with all other overlapping radio
surveys is beyond the scope of this chapter. However, we make a short comment on one of
the most complementary surveys.
TGSS-ADR1 (TGSS-ADR1; Intema et al., 2016) at 150 MHz was released at the time
of writing of this chapter. As TGSS-ADR1 and GLEAM overlap between −53◦ < Dec <
+30◦, and both make measurements at 150 MHz, we performed a preliminary comparison
of bright (S150MHz > 1 Jy), unresolved ((a × b)/(aPSF × bPSF) < 1.1), and classed as
fit by a single Gaussian in TGSS-ADR1, radio sources to compare the two flux density
scales. Using these ≈ 3000 sources, we find the ratio of the GLEAM to TGSS flux density
scales is 1.03, averaged over the sky. This 3% difference is within the range expected since
GLEAM and TGSS-ADR1 are on different flux density scales, with TGSS-ADR1 on the
scale of Scaife & Heald (2012), which is a flux density scale bootstrapped from the RCB
flux density scale.
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Figure 4.8: Spectral energy distributions of two compact sources (upper panel: PKS B0008-
421; lower panel: PKS B0310-150) targeted by the JVLA to independently test the flux
density scale of the GLEAM survey. The P-band and GLEAM data points are shown as
blue squares and red circles, respectively. Purple upward-pointing, green leftward-pointing,
yellow rightward-pointing, and navy downward-pointing triangles are from the surveys
VLSSr, MRC, SUMSS, and NVSS, respectively. Note that a model fit (Bicknell, Dopita &
O’Dea, 1997) has been applied to both sources and is shown in black. The χ-values for the
model fit to the data are displayed in the panel below the spectral energy distribution.
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In this very early data release, there are significant position-dependent flux density
scale discrepancies, which are due to issues with calibration of the GMRT data. At the time
of writing, these issues are being solved in order to produce a second data release of TGSS.
This first comparison was also used for a transients analysis, detailed in Murphy et al.
(2017). It was also used to remove two false sources from the GLEAM catalogue, which
were FFT aliases of bright sources just a few degrees outside the imaged fields-of-view.
Due to the differing resolutions of the two surveys (25′′ against 2′), fainter sources
are more difficult to cross-match correctly. This is even more true for surveys at different
frequencies such as SUMSS, as the apparent morphology of sources can change with
frequency. This non-trivial problem will be considered in more detail in the upcoming
paper Line et al. (in prep), using suitable Bayesian modelling to discriminate between
different potential cross-matches (Line et al., 2016).
4.3.3 Forming large mosaics
For each sub-band, each week of observations is combined into a single mosaic, using
SWARP. This forms four overlapping views of the sky, with some small gaps around very
bright sources, and the Galactic Plane. For observations at Dec= −72◦, only pixels which
fall within±1 hour of RA of the observation RA are used, in order to minimise ionospheric
blurring around the South Celestial Pole. These mosaics form the basis of subsequent
analysis. We note that reprojecting all data to a spherical format such as Healpix (Go´rski
et al., 2005) allows the combination of all the data in the same image plane. However,
we found the week-long mosaics to be the largest useable area without running into
computational memory constraints, and that Zenithal Equal Area (ZEA; Calabretta &
Greisen, 2002) is a projection that gives good results in general purpose software, which is
especially important for accurate source-finding.
4.3.4 Characterising the point spread function
Typical radio astronomy imaging combines only a few observations in the image plane,
for any given pixel. Due to the very wide field-of-view of the MWA, and the drift scan
strategy, any given pixel in a mosaic includes contributions from observations over a
full hour, during which the ionosphere may distort the positions of sources by varying
amounts. The bulk astrometric offsets described in Section 4.2.4 leave direction-dependent
effects of around 5–25′′ , which will be smallest at the centres of each drift scan, where
the sensitivity of the primary beam is greatest, and below Dec +18.◦5, where the MRC
catalogue is complete. When we form the week-long mosaics, the lowest frequencies have
more overlap than the higher frequencies.
The result of integrating 20–40 observations, with various weights per pixel, tends to be
a slight apparent blurring of the point spread function (PSF). Without characterisation and
correction, all sources will be detected as slightly resolved by any source-finder, and we
will overestimate our ability to resolve real features. This blurring effect varies smoothly
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over the sky due to the slowly-changing contribution of different observations to each pixel,
and increases apparent source areas by 1–25% depending on the frequency of observation
and ionospheric activity. The effect on a resulting source catalogue will be to reduce the
observed peak flux densities of sources, while integrated flux densities should be preserved.
A simple simulation using the typical per-snapshot position difference RMS for each
frequency as computed in Section 4.2.4 to stack Gaussians in slightly different positions
confirms that the blurring we observe is due to the residual ionospheric distortions.
There is also a projection effect, from combining multiple SIN-projected images into a
single ZEA mosaic. In a SIN projection, the restoring beam has the correct dimensions
across the entire image. When SWARP transforms to a ZEA projection, the apparent size of
sources is conserved, and so sources with large zenith angle (ZA, = 90◦−elevation) appear
stretched, taking up more pixels than their zenith equivalents. This is entirely a projection
effect which scales as 1/ cos ZA. High-ZA sources appear to have larger integrated flux
densities while their peak flux densities are preserved. Thus, to correctly characterise
the PSF, and correctly flux-calibrate both the peak and integrated flux densities, we must
carefully disentangle the projection and blurring effects.
The challenge of measuring the blurring effect is reasonably analogous to optical
point-spread-function characterisation, for which several general-purpose packages exist,
mainly based on using unresolved sources in the image to sample the shape of the PSF
over the image, and performing interpolation over the results. However, unlike in the
optical case, in which a population of unresolved stars can be extracted via their sizes and
optical colours, it is difficult to distinguish genuinely resolved radio sources from blurred
unresolved sources. We use four criteria to distinguish useful unresolved sources which
are characteristic of the PSF:
1. Not obviously extended: integrated flux density < 2×peak flux density;
2. Isolated: does not lie within 10′ of another source;
3. Unresolved in other catalogues: Cross-matches with similarly isolated, point-like
MRC (MFLAG = 0) or VLSSr (a,b < 86′′) sources;
4. Gaussian: residual after subtracting fitted Gaussian is less than 10% of the peak flux.
Typically this selects 5–15% of the available sources, giving a source density of about one
source per square degree.
PSF maps are generated by re-projecting the PSF sample onto a Healpix sphere (Go´rski
et al., 2005), with NSIDE= 16 (corresponding to ≈ 13.4 square degrees per pixel). Each
pixel is averaged together with its neighbours: a form of spherical box-car averaging.
During averaging, the sources are weighted by their S/N (peak flux density divided by
local RMS measurement) multiplied by their Gaussianity (peak flux density divided by
residual of model subtraction). This process forms smoothly-varying maps as a function of
position on the sky of major axis, minor axis, and position angle.
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Figure 4.9: Point spread function: the major axis (left panel), the minor axis (middle
panel), and the blur factor (right panel) for an example ≈ 100 square degrees of the
lowest sub-band (72–80 MHz) image of GLEAM. White “o”s show the locations of sample
sources used to generate the map, at an average source density of one source per square
degree. The left colorbar is to be used with the two left panels, and the right colorbar for
the right panel only.
In order to restore the peak flux density of the sources, we multiply all of our images
by the degree of blurring that we measure, but not the projection effect that arises from the
SIN to ZEA transformation. After the PSF map has been measured, its antecedent mosaic
is multiplied by a (position-dependent) “blur” factor of
R =
aPSFbPSF cos ZA
arstbrst
(4.1)
where arst and brst are the FWHM of the major and minor axes of the restoring beam. This
has the effect of normalising the flux density scale such that both peak and integrated flux
densities agree, as long as the correct, position-dependent PSF is used.
The estimated PSF is stored in the catalogue, and added to the header of any downloaded
postage stamp image. This allows users to determine whether a source is really extended,
or if there was more ionospheric blurring at that location. It is also used throughout source-
finding for the final catalogue: see Section 4.4. An example of the major axis, minor axis,
and blur factor for a part of the sky at a single frequency are shown in Figure 4.9. Position
angle is not shown as it is entirely determined by projection, and thus is almost always
zero (North), except near the zenith where the PSF is circular and thus position angle is
meaningless.
4.4 Source finding and Cataloguing
The cataloguing process is carried out in a tiered approach. For each week of observations
a single wideband image is created which covers the frequency range 170–231 MHz. This
image achieves minimal noise and maximum resolution. Sources are extracted from this
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Figure 4.10: Example 12.5 square degrees from the GLEAM wideband image. The left
panel shows the image itself; the top right panel shows the background, and the lower
right panel shows the RMS. Detected sources are marked on the main image with cyan
diamonds. The PSF for this region is shown as a filled ellipse in the lower left of the main
image.
image and quality control measures are applied to obtain a reference catalogue. The flux
density of each source within this reference catalogue is then measured in each of the
twenty 7.68 MHz narrow-band images.
4.4.1 Wideband image
The primary product of the image processing described previously is a set of twenty
images each with a bandwidth of 7.68 MHz. In order to construct the most sensitive
combined image the following process was used: choose N images starting at the highest
frequency (highest resolution) image; convolve all these images to a common resolution
(the lowest resolution of the N images); combine these images and measure the noise
within this combined image. This process is repeated with a greater N until the noise no
longer decreases as more images are added. At this point we have an image with a good
compromise between resolution and sensitivity. This process results in a wideband image
that covers 170–231 MHz, with a resolution of ≈ 2′ (the FWHM of the synthesised beam
at 170 MHz). This wideband image is then used to create a reference catalogue for each of
the four observing weeks.
4.4.2 Wideband image catalogues
Source finding is performed using AEGEAN with a detection threshold of 5× the local
RMS. The background emission and RMS noise properties of the wideband images are
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Table 4.3: The areas surveyed (top row), flagged (middle rows), and catalogued (final row)
in this chapter. r indicates the radius around a source inside which flagging was performed.
Description Region Area / square degrees
Total surveyed area Dec < +30◦ 30,940
Galactic plane Absolute Galactic latitude < 10◦ 4,776
Ionospherically distorted 0◦ < Dec < +30◦ & 22h < RA < 0h 859
Centaurus A (see Table 4.2) 13h25m28s − 43◦01′09′′, r = 9◦ 254
Sidelobe reflection of Cen A 13h07m < RA < 13h53m & 20◦ < Dec < +30◦ 104
Large Magellanic Cloud 05h23m35s − 69◦45′22′′, r = 5.◦5 95
Small Magellanic Cloud 00h52m38s − 72◦48′01′′, r = 2.◦5 20
Peeled sources (see Table 4.2) r = 10′ < 1
Final catalogue area 24,831
characterised using BANE, effectively filtering structure of scales > 10× the size of
the local PSF into the background image. The point spread function is allowed to vary
across the image using the characterisation described in the previous section. A 12.5 deg2
representative subsection of the wideband image, its measured background, and RMS, are
shown in Figure 4.10. Note that because the MWA is sensitive to large-scale Galactic
structure, which is not deconvolved, sources appear on a background which can be positive
or negative. As the diffuse Galactic synchrotron has a steep spectrum of α = −2.7,
the background tends to be larger at lower frequencies. This background is subtracted
automatically by AEGEAN during source-finding.
AEGEAN characterizes sources, or groups of sources, as a combination of elliptical
Gaussian components. Each component is described by a position, peak flux density, major
and minor axis size and position angle. Each component with the catalogue is assigned a
universally unique identifier, which has no meaning in and of itself, but plays an important
role in the matching of sources in narrow-band images.
A number of position-based filters were implemented in order to remove false detections
and sky areas that are beyond the scope of this chapter. Sources that fell: within 10◦
of the Galactic plane, within 5.◦5 and 2.◦5 of the Large or Small Magellanic Clouds,
respectively, within 10′ of peeled sources (Table 4.2), within 9′ of Centaurus A, or North of
declination+30◦, were removed from the catalogues. A northern region was also discarded
due to two nights of high ionospheric activity in the first week of observing, and a further
northern region was discarded because Centaurus A fell in a primary beam side-lobe and
made the self-calibration stage as designed impossible. Figure 4.11 shows the footprint of
the survey region after these positional filters were applied, and Table 4.3 lists the exclusion
zones.
Note that ionospheric blurring affects the resolution of the wideband image the least,
of order 5%, due to the high frequency of its component observations. Thus, source
morphologies are well-characterised, despite the residual effects of ionospheric distortion.
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Figure 4.11: Detected sources that fall within the green shaded area, described in Table 4.3,
are included in the catalogue.
4.4.3 Narrow-band image catalogues
The catalogue entries for the narrow-band images are not created via blind source finding.
For each source in the reference catalogue we measure the flux density in each of the
narrow-band images. We call this measurement process priorised fitting; we utilise
AEGEAN, and outline the processing here.
Each of the narrow-band images has a different resolution and so the measurement
process begins by determining the expected shape of the sources from the reference
catalogue. A source from the reference catalogue is deconvolved by the local PSF in the
wide-band image, and then convolved with the local PSF from the narrow-band image. All
sources within the reference catalogue are then sorted into groups such that any sources
that overlap at the half-power point of their respective Gaussian fits are put into the same
group. A fit is then performed for the peak flux of each source, with the position and
newly-determined shape parameters held fixed. This fit is performed over all sources within
a group at the same time. Rarely, it is not possible to make a measurement of a source in a
narrow-band image. This can occur if the local PSF was not able to be determined for that
image, or if part of the sky was not able to be imaged at a particular frequency. Just under
2% of sources do not have a measurement in one or more sub-bands.
The fitted and fixed source parameters are recorded and each source is assigned the
same Uuid as its corresponding reference source. The process of associating sources
from the narrow-band images with their reference sources within the wideband images is
achieved by matching Uuids. This refitting and matching process guarantees the extraction
of intra-band spectral energy distributions for all sources, without having to rely on position-
based cross-matching of catalogues that may describe a single source with a different
number of components in each of the narrow-band images. Since the narrow-band image
measurement process does not involve blind source finding, there is no signal-to-noise
cut placed on the fluxes from these narrow-band images. As a result, it is possible for
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the reported flux in the narrow-band images to be less than the RMS noise level, or
even negative. The presence or absence of a flux density measurement at a narrow-band
frequency does not indicate a detection or non-detection, but merely that a measurement
was made. We note that this also avoids overestimation of the flux density of faint sources
in the narrow-band images, because their shape parameters are not allowed to vary, so
cannot be extended by a local increase in the RMS noise.
4.4.4 Final catalogue
Once the narrow-band catalogues have been created and curated, they are combined
together to generate the GLEAM master catalogue. Where there was overlap between
different observing weeks, the sky area with the lower RMS noise was chosen to produce
the master catalogue. This catalogue lists the location of each source as measured in the
wide-band image, the integrated flux, and shape of each source at each of the frequencies
within the survey, along with the local PSF at the location of each source at each frequency.
The catalogue contains 307, 455 rows, and 311 columns. Column names, units, and
descriptions are shown in Appendix B. The electronic version of the full catalogue is
available from VizieR5.
4.4.5 Error derivation
In this section we examine the errors reported in the GLEAM catalogue. First, we examine
the systematic flux density errors from our primary beam mirroring technique. Then, we
examine the noise properties of the wide-band source-finding image, as this must be close
to Gaussian in order for sources to be accurately characterised, and for estimates of the
reliability to be made, which we do in Section 4.4.5.4. Finally, we make an assessment of
the catalogue’s astrometric accuracy. These statistics are given in Table 4.4.
5http://cdsarc.u-strasbg.fr/viz-bin/Cat?VIII/100
Table 4.4: Survey properties and statistics. We divide the survey into four declination ranges, as shown in Figure 4.6, because the
noise properties, and astrometric and flux calibration, differ slightly for each range. Values are given as the mean±the standard
deviation. The statistics shown are derived from the wideband (200 MHz) image. The flux scale error applies to all frequencies,
and shows the degree to which GLEAM agrees with other published surveys. The internal flux scale error also applies to all
frequencies, and shows the internal consistency of the flux scale within GLEAM.
Property Dec < −83.◦5 −83.◦5 ≤ Dec < −72◦ −72◦ ≤ Dec < +18.◦5 Dec ≥ 18.◦5
Number of sources 920 8,780 281,931 16,170
RA astrometric offset (′′) −4± 16 −4± 16 −0.2± 3.3 0.5± 2.5
Dec astrometric offset (′′) 0.1± 3.6 −0.1± 3.6 −1.6± 3.3 1.7± 2.7
External flux scale error (%) 80 13 8 13
Internal flux scale error (%) 3 3 2 3
Completeness at 50 mJy (%) 10 22 54 3
Completeness at 100 mJy (%) 81 83 87 30
Completeness at 160 mJy (%) 96 95 95 56
Completeness at 0.5 Jy (%) 99 99 99 94
Completeness at 1 Jy (%) 100 100 100 97
RMS (mJy beam−1) 23± 7 15± 5 10± 5 28± 18
PSF major axis (′′) 196± 8 176± 8 140± 10 192± 14
PSF minor axis (′′) 157± 9 149± 8 131± 4 135± 2
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4.4.5.1 Flux density scale uncertainty
For the majority of the GLEAM survey, the dominating uncertainty in the flux density
measurements results from the declination-dependent flux density correction. This sys-
tematic uncertainty is due to the spread in correction factors, as is evident in Figure 4.5
and discussed in Section 4.3.2. The systematic uncertainty is calculated as the standard
deviation of a Gaussian fit to the remaining variation in the ratio of predicted to measured
source flux densities, as shown in the right panel of Figure 4.7.
For sources lying between declinations −72◦ and +18.◦5, these uncertainties are 8±
0.5% of the integrated flux density. As MRC only has coverage up to a declination of
+18.◦5, the systematic uncertainties are larger, 11 ± 2%, for sources with a declination
greater than +18.5◦ and those with a declination between −83.◦5 and −72◦, the latter due
to the primary beam mirroring technique (Section 4.3.2). Finally, sources with Dec <
−83.◦5, near the South Celestial Pole, have close to ∼80% systematic uncertainties as the
flux density polynomial corrections used for this area are mirrored extrapolations from
declination 30◦–36.◦6 (Figure 4.6). The catalogue therefore contains a column indicating
the expected systematic uncertainty for each source, based on its declination: 80% for
−90◦ ≤ Dec < −83.◦5 (911 sources); 13% for −83.◦5 ≤ Dec < −72◦ (8,821 sources) and
+18.◦5 ≤ Dec < 30◦ (15,452 sources); and 8% for −72◦ ≤ Dec < 18.◦5 (280,431 sources).
4.4.5.2 Noise properties
Here we examine the characteristics of the noise in the wideband image. We use a 675 deg2
region where there are a fairly typical number of bright sources (20 with S > 5 Jy) and the
mean RMS noise is quite low (7.6 mJy beam−1), centred on RA 3h, Dec −27◦.
To characterise the area outside of detected sources, we use two different methods:
masking the (S > 4σ) pixels which are used during source characterisation; and subtracting
the measured source models from the image. Since the RMS noise varies over the image,
we divide the resulting images by the original noise images to produce images of S/N, and
plot the distributions of these pixels in Figure 4.12. The original image has a negative
mean due to the undeconvolved sidelobes of the diffuse Galactic background; this has been
subtracted from the plotted distributions.
For the masked image, no pixels reach |S/N| > 5σ, which is consistent with the
source-detection algorithm. There is also a surfeit of pixels with S/N > 2.5σ, which is
unsurprising, because these pixels include the fainter tails of sources not included when the
sources are characterised, as well as many faint, real, confused sources. The distribution is
thus slightly asymmetric; BANE has attempted to determine a characteristic RMS noise,
but when considering the negative pixels, this RMS noise appears to be an overestimate of
approximately 7.5%. This is due to its use of sigma-clipping, which does not cope well
with the large number of 3–5σ confused sources present at this noise level. This is difficult
to correct for, as the noise level varies over the sky, and devising a new noise estimator is
beyond the scope of this chapter. Therefore we note that the images may contain believable
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sources which will not appear in the catalogue; this is preferential to the reverse situtation
of underestimating the noise, and lowering the reliability of the catalogue.
For the residual image, there is both a negative and positive tail. Note that these pixels
are within the extents of detected sources. They are caused by imperfect modelling of
sources using elliptical Gaussians, which is not unexpected given that sources may have
real extent, and calibration errors act to make sources less Gaussian. We expect any
unreal sources to lie only within 6′ of detected sources, although calibration errors around
extremely bright (S > 100 Jy) sources are not considered in this particular region of sky
(see Section 4.4.5.4 for a reliability analysis of the whole sky).
We note here that it is the sidelobe confusion in particular which limits the depth of this
survey; after an effective integration time of ≈ 10 minutes, some areas of the wideband
image (particularly near zenith, where the primary beam has most sensitivity) reach RMS
noise levels of 5 mJy beam−1. However, further integration time would not significantly
reduce the noise, if we continue to individually deconvolve each snapshot to a 3σ threshold,
because fainter sources will never be CLEANed. Instead, it is necessary to use a peeling
strategy such as that adopted by Offringa et al. (2016). Eventually one will reach the
classical confusion limit, measured by Franzen et al. (2016) to be ' 1 mJy beam−1 for the
MWA, at these frequencies. Franzen et al. (2015) describes the confusion properties of
the GLEAM survey across the full 72–231 MHz bandwidth: the confusion at 231 MHz is
< 1 mJy, < 3% of the typical local RMS at that frequency, while the confusion at 72 MHz
is ≈ 10 mJy, ≈ 10% of the typical local RMS at that frequency.
4.4.5.3 Completeness
The completeness of GLEAM cannot be quantified using existing surveys, due to its unique
combination of high surface brightness sensitivity, low frequency of measurement, and
relatively low resolution. As detailed in Section 4.3.2.2, GLEAM was cross-matched with
TGSS-ADR1 to verify its flux density scale; unfortunately, this early data release suffered
from position-dependent calibration errors, which mean its completeness is quite unknown,
so it cannot serve as a reference for the completeness of GLEAM. NVSS and SUMSS are
more sensitive surveys, but for a physically-reasonable spectral index limit of α = −2.5,
their best completeness limits of S1.4GHz = 2.5 mJy and S843MHz = 8 mJy are, at 200 MHz,
only 324 mJy and 292 mJy, respectively. As nearly 80% of the GLEAM catalogue sources
have flux densities < 300 mJy, and an unknown number of these sources could have
spectral indices ≈ −2.5, these higher-frequency surveys cannot be used as a reference for
the completeness of GLEAM. There is also the difficult issue of cross-matching surveys of
very different resolutions; this problem will be addressed in the upcoming paper Line et al.
(in prep).
Instead, simulations are used to quantify the completeness of the GLEAM source
catalogue at 200 MHz. It is beyond our computational budget to perform these simulations
on the individual observations, so the characterisation is performed after flux-calibrated
mosaics have been formed. Thirty-three realisations were used in which 250,000 simulated
point sources of the same flux density were injected into the 170–231 MHz week-long
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Figure 4.12: Noise distribution in a typical 675 square degrees of the wideband source-
finding image. BANE measures the average RMS in this region to be 7.6 mJy beam−1. To
show the deviation from Gaussianity, the ordinate is plotted on a log scale. The leftmost
panel shows the distribution of the S/Ns of the pixels in the image produced by subtracting
the background and dividing by the RMS map measured by BANE; the middle panel
shows the S/N distribution after masking all (S > 4σ) pixels over which sources were
characterised; the right panel shows the S/N distribution after subtracting the models of the
detected sources. The light grey histograms show the data. The black lines show Gaussians
with σ = 1; vertical solid lines indicate the mean values. |S/N| = 1σ is shown with
dashed lines, |S/N| = 2σ is shown with dash-dotted lines, and |S/N| = 5σ is shown with
dotted lines. The paucity of negative pixels underneath the Gaussians shows that BANE
over-estimates the noise in this region by ≈ 7.5%, due to the strong confusion component
(grey pixels on the right-hand side of the distribution in the middle pannel).
mosaics. The flux density of the simulated sources is different for each realisation, spanning
the range 25 mJy to 1 Jy. The positions of the simulated sources are chosen randomly but
not altered between realisations; to avoid introducing an artificial factor of confusion in
the simulations, simulated sources were not permitted to lie within 10′ of each other.
Sources are injected into the week-long mosaics using AERES from the AEGEAN
package. Areas flagged from the GLEAM source catalogue (see Table 4.3) are excluded
from the simulations. The major and minor axes of the simulated sources are set to apsf
and bpsf , respectively.
For each realisation, the source-finding procedures described in Section 4.4.2 are
applied to the mosaics and the fraction of simulated sources recovered is calculated. In
cases where a simulated source is found to lie too close to a real (> 5σ) source to be
detected separately, the simulated source is considered to be detected if the recovered
source position is closer to the simulated rather than the real source position. This type of
completeness simulation therefore accounts for sources that are omitted from the source-
finding process through being too close to a brighter source.
Figure 4.13 shows the fraction of simulated sources recovered as a function of S200MHz
in the entire survey area. The completeness is estimated to be 50% at ≈ 55 mJy rising to
90% at ≈ 170 mJy. Figure 4.13 also shows the completeness as a function of S200MHz in
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Figure 4.13: Estimated completeness of the GLEAM source catalogue as a function of
S200MHz in the entire survey area (black circles) and in the region used to measure the
source counts (red squares; see Section 4.5.3).
the most sensitive areas of the survey (0h < RA < 3h and −60◦ < Dec < −10◦; 10h <
RA < 12h and −40◦ < Dec < −15◦) where the noise is uniform (6.8± 1.3 mJy beam−1).
The completeness in these areas is estimated to be 50% at ≈ 34 mJy and 90% at ≈ 55 mJy.
Errors on the completeness estimate are derived assuming Poisson errors on the number of
simulated sources detected.
The survey completeness varies substantially across the sky because of the presence
of bright sources and varying observational data quality. In order to map the variation
of the completeness across the sky, we have produced maps of the completeness at flux
density levels from 25 to 1000 mJy. The completeness at any pixel position is given by
C = Nd/Ns, where Ns is the number of simulated sources in a circle of radius 6◦ centred
on the pixel and Nd is the number of simulated sources that were detected above 5σ within
this same region of sky. The completeness maps, in FITS format, can be obtained from
the supplementary material. Postage stamp images from our VO server also include this
completeness information in their headers.
Assuming Poisson statistics, the error on the completeness, δC, is given by
√
Nd/Ns =√
C/Ns. Given that 200,020 sources were randomly distributed over an area of 24,831
deg2, Ns ≈ 900. Therefore, δC ≈
√
C/30. For example, for C = 0.9, δC ≈ 0.03 and for
C = 0.5, δC ≈ 0.02.
Figure 4.14 shows completeness maps at 25, 50 and 75 mJy. The completeness is
highest close to the zenith. At 50 mJy, the completeness is ≈ 90% at most RAs. There are
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Figure 4.14: The top, middle and bottom panels show completeness maps at 25, 50 and
75 mJy, respectively, for the regions covered by the GLEAM catalogue of this chapter.
Areas which are excluded from the survey are shaded grey. The image projection used is
Cartesian. The most sensitive areas of the survey in which the completeness was calculated
in Figure 4.13 are outlined in black. FITS images of these completeness maps are available
online.
regions where the completeness at 75 mJy remains poor, particularly at high declinations,
due to the presence of bright contaminating sources, rapid sky rotation, and reduced
primary beam sensitivity.
4.4.5.4 Reliability
In order to estimate the reliability of the GLEAM catalogue, we run the source finder
AEGEAN on the four week-long mosaics covering 170–231 MHz in exactly the same
way as described in Section 4.4, except that we used a special mode of AEGEAN that
only reports sources with negative flux densities. After applying position-based filtering
(Table 4.3), the total number of sources with negative peaks below −5σ, hereafter referred
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to as “negative”; sources, was 97. The most negative recorded peak flux density was
−8.3σ. If the noise distribution were symmetric about zero, we would expect a number
of spurious sources identical to the number of “negative” sources. The total number of
sources above 5σ in the GLEAM catalogue is 307,455 . Using the argument that there
should be as many false positives as detected negative sources, we estimate the reliability
to be 1.0− 97
307,455
= 99.97%. We note that since priorised fitting was used to characterise
sources in the subband images, the reliability is the same in all subband images.
The majority of the negative sources lie close to bright sources and result from image
artefacts caused by calibration and deconvolution errors: 67 (69%) of the negative sources
lie within 6′ of a source brighter than 3 Jy. Sources with S/Ns . 10 lying within a few
arcmin from strong (& 3 Jy) sources are most likely to be spurious.
4.4.5.5 Astrometry
We measure the astrometry using the 200-MHz catalogue, as this provides the locations
and morphologies of all sources in the catalogue. To determine the astrometry, unresolved
((a× b)/(aPSF× bPSF) < 1.1), isolated GLEAM sources are cross-matched with similarly
isolated NVSS and SUMSS; the positions of sources in these catalogues are assumed to be
correct and RA and declination offsets are measured with respect to those positions. In
the well-calibrated declination range of −72◦ 6 Dec 6 +18.◦5, the average RA offset is
−0.′′2± 3.′′3, and the average declination offset is −1.′′6± 3.′′3. North of +18.◦5, the average
RA offset is 0.′′5± 2.′′5 and the average declination offset is 1.′′7± 2.′′7. These offsets may
be somewhat different because a modified VLSSr/NVSS catalogue was used to replace
MRC North of its declination limit of 18.◦5 (see Section 4.2.4).
Moving south of Dec−72◦, the average RA offset deteriorates to −4′′ ± 16′′, while
the declination offset remains reasonable at −0.′′1± 3.′′6. The RA is particularly distorted
because the data have been averaged in the image plane over many hours, on the edge of
the field-of-view, where the ionospheric corrections are poorest. This preferentially smears
out the sources in hour angle, or RA, direction.
For 99% of sources, fitting errors are larger than the measured average astrometric
offsets. Given the scatter in the measurements, and the small relative size of the worst-
affected regions, we do not attempt to make a correction for these offsets. Given that we
have corrected each snapshot, residual errors should not vary on scales smaller than the size
of the primary beam. We advise users to use particular caution when crossmatching sources
south of Dec −72◦with other catalogues. Figure 4.15 shows the density distribution of the
astrometric offsets, and Gaussian fits to the RA and declination offsets.
4.4.6 Resolved sources
Only objects that can be described well by one or more elliptical Gaussians have been
included in this catalogue; as described in Section 4.4, highly-resolved, diffuse sources are
excluded. We fit 97,103 “resolved” sources, as defined by having a size (a× b) more than
10% greater than the local PSF. Our fitting procedure deals with multi-component sources
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Figure 4.15: Histograms, weighted by source S/N, of astrometric offsets, for isolated
compact GLEAM sources crossmatched with NVSS and SUMSS as described in Sec-
tion 4.4.5.5. The black curves show Gaussian fits to each histogram. Solid vertical lines
indicate the mean offsets. The top panel shows sources on the northern edge of the
survey, Dec ≥ +18.◦5; the middle panel shows sources in the main area of the survey,
−72 ≤ Dec < +18.◦5; and the lowest panel shows sources near the South Celestial Pole,
Dec < −72◦. Note that the range on the abscissa changes for the lowest panel.
CHAPTER 4. GLEAM EXTRAGALACTIC CATALOGUE 98
by fitting the components simultaneously, if their proximity warrants it. As a guide, 90,237
sources lie within 6′ of another source. Diffuse, extended, or steep-spectrum structure
visible only at the lowest frequencies will be missing from the catalogue, as all source
selection is performed at 200 MHz, and characterisation is performed by extrapolating the
shape of the source using the difference in frequency and the measured PSF.
4.5 Properties of the catalogue
Here we compare the catalogue to other MWA data products, measure the spectral indices
of its sources, analyse its source counts, and discuss the challenges associated with spectral
model fitting with GLEAM data. The upcoming paper White et al. (in prep) calculates a
two-point angular correlation function for the catalogue.
4.5.1 GLEAM, MWACS and the EoR field
We crossmatch GLEAM with MWACS at 180 MHz (Hurley-Walker et al., 2014) and the
deep 163 MHz catalogue of the “zeroth” EoR field centred at RA= 00h, Dec= −26.◦7
by Offringa et al. (2016), the flux scale of which is largely set by MWACS. For sources
with S > 1 Jy at 180 MHz, we find that GLEAM has a flux scale 15%(±8%) lower than
both of these catalogues. This is likely due to residual primary beam errors in MWACS,
which did not use as accurate a beam model, or fit a model to the residual flux errors
as in Section 4.3.2. We note that the flux scale scatter shown in Figure 4.7 is also a 2%
improvement on the flux scale scatter of MWACS, shown in Figure 11 of Hurley-Walker
et al. (2014).
4.5.2 Spectral index distribution
The wide bandwidth of GLEAM allows an internal spectral index calculation; 98% of
sources have a flux density measurement in every sub-band; 75% of sources have a non-
negative flux density measurement in every sub-band. For these 245,457 sources, we
calculate α using a weighted least-squares approach.
While a flux density scale error of 8% is needed to reconcile GLEAM with other
surveys (Section 4.4.5.1), an error of 2% gives more consistent results when fitting spectral
indices using only the GLEAM data. Specifically, the median value of the reduced χ2
statistic, which should be unity for data with well-estimated error bars, is biased low at high
flux densities for a flux density scale error of 8%, while it is unity across the catalogue for
a flux density scale error of 2%. We note that estimating the error in this way is incorrect
for a single measurement, but is not problematic for such a large catalogue. This error
increases to 3% for Dec > 18.◦5 and Dec < −72◦.
That the internal flux scale consistency is better than the external is likely due to
a combination of factors: the narrow time-frame in which the observations were taken,
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minimising astrophysical variability; the consistency of using a single instrument with near-
uniform spatial frequency sensitivity and calibration rather than a variety of instruments;
the wide field-of-view and large amount of snapshot averaging acting to suppress any
flux scale variations on small scales; and, most importantly, the scale being derived from
identical sources, identical surveys, and from similar large-angular-scale polynomials
(Section 4.3). Therefore, during the spectral energy distribution fitting process, we set the
error on each flux density to be the quadrature sum of the AEGEAN fitting error, and a 2%
(3,%, for Dec > 18.◦5 and Dec < −72◦) internal flux scale error.
Note that fitting a single power law spectrum ignores potentially interesting astro-
physics, such as jet confinement or SSA giving rise to sources with peaked or flattening
spectra. Chapter 5 contains more extensive spectral modelling of such sources found in
this catalogue. To exclude poorly-fit spectral indices from the catalogue presented in this
work, and the spectral indices presented in this section, we require that χ2 < 34.805, as
P (χ2 ≥ 34.805) > 99% for 18 degrees of freedom (i.e. reduced χ2 < 1.93). This results
in calculated spectral indices for 238,364 sources.
The resulting distributions of α for sources with S200MHz < 0.16 Jy (122,959 sources),
0.16 ≤ S200MHz < 0.5 Jy (86,548 sources), 0.5 ≤ S200MHz < 1.0 Jy (20,606 sources),
and S200MHz ≥ 1.0 Jy (12,723 sources), are shown in Figure 4.16. The median and
semi-inter-quartile-range (SIQR) values of α for these flux density bins are −0.78± 0.20,
−0.79± 0.15, −0.83± 0.12, and −0.83± 0.11, respectively.
Note that only the brightest two bins are substantially complete over the whole sky, as
shown in Table 4.4. The errors on the flux densities in the faintest bin are of order 30%,
and all sources with negative flux density measurements in sub-bands are discarded, so the
wide distribution and slightly flatter average spectral index of the faintest flux density bin
should not be interpreted as a properties intrinsic to those sources.
These values are in very good agreement with other measurements at these frequencies;
for instance, VLSSr and NVSS together measure α = −0.82 with an SIQR of 0.11 (Lane
et al., 2014), while in the MSSS verification field, Heald et al. (2015) use the LOFAR
High Band Antenna (120–160 MHz) to measure a median α of −0.77. Mauch et al. (2003)
measured a median spectral index of −0.83 across 843–1400 MHz by crossmatching
SUMSS and NVSS.
4.5.3 Source counts
Using selected subsections of the survey (0h < RA < 3h and −60◦ < Dec < −10◦;
10h < RA < 12h and −40◦ < Dec < −15◦) where the noise is low and uniform
(6.8±1.3 mJy beam−1), and the completeness is 90% at 50 mJy, we calculate the normalised
Euclidean differential source counts with respect to source integrated flux density. These
are tabulated in Table 4.5.
We compare our source counts with those from the 7C survey at 150 MHz (7C Hales
et al., 2007), VLSSr at 74 MHz, and those by Intema et al. (2011), Ghosh et al. (2012), and
Williams, Intema & Ro¨ttgering (2013), whose measurements with the GMRT at 153 MHz
CHAPTER 4. GLEAM EXTRAGALACTIC CATALOGUE 100
Table 4.5: Normalised Euclidean differential source counts from the GLEAM 200 MHz
wideband catalogue.
Slow Shigh Smid Raw count S
5
2
dN
dS
Jy Jy Jy Jy
3
2
0.023 0.028 0.025 13 0.3118± 0.0173
0.028 0.035 0.031 302 10.12± 0.117
0.035 0.044 0.039 2361 110.6± 0.455
0.044 0.055 0.049 5060 331.3± 0.931
0.055 0.069 0.061 6200 567.3± 1.44
0.069 0.086 0.077 5673 725.4± 1.93
0.086 0.107 0.096 5105 912.3± 2.55
0.107 0.134 0.120 4295 1073± 3.27
0.134 0.168 0.150 3573 1247± 4.17
0.168 0.210 0.188 2991 1459± 5.34
0.210 0.262 0.234 2504 1707± 6.82
0.262 0.328 0.293 2013 1918± 8.55
0.328 0.410 0.366 1633 2174± 10.8
0.410 0.512 0.458 1342 2497± 13.6
0.512 0.640 0.572 1080 2808± 17.1
0.640 0.800 0.716 795 2889± 20.5
0.800 1.000 0.894 652 3311± 25.9
1.000 1.250 1.118 465 3301± 30.6
1.250 1.562 1.398 414 4107± 40.4
1.563 1.953 1.747 284 3937± 46.7
1.953 2.441 2.184 203 3933± 55.2
2.441 3.052 2.730 141 3818± 64.3
3.052 3.815 3.412 101 3822± 76.1
3.815 4.768 4.265 76 4019± 92.2
4.768 5.960 5.331 30 2217± 81
5.960 7.451 6.664 27 2789± 107
7.451 9.313 8.330 26 3753± 147
9.313 11.642 10.413 18 3631± 171
11.642 14.552 13.016 12 3383± 195
14.552 18.190 16.270 7 2758± 208
18.190 22.737 20.337 7 3855± 291
22.737 28.422 25.421 1 769.6± 154
28.422 35.527 31.776 1 1076± 215
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Figure 4.16: The spectral index distribution calculated using solely the catalogue described
in this chapter. The cyan line shows sources with S200MHz < 0.16 Jy, the black line shows
sources with 0.16 ≤ S200MHz < 0.5 Jy, the blue line shows sources with 0.5 ≤ S200MHz <
1.0 Jy, and the red line shows sources with S200MHz > 1.0 Jy. The dashed vertical lines of
the same colours show the median values for each flux density cut: −0.78, −0.79, −0.83,
and −0.83, respectively.
constrain the counts from 6–400 mJy. We apply a spectral power law scaling of α = −0.75
to bring all surveys to a common frequency of 150 MHz, and plot the surveys and the
150 MHz astrophysical source evolution and luminosity model of Massardi et al. (2010) in
Figure 4.17.
There is excellent agreement between all the surveys and the Massardi et al. (2010)
model for the range 0.5–3 Jy. Fainter and brighter than this, the surveys plotted disagree
with the model; the bright end discrepancy could be due to the selection of fields without
bright sources, which would otherwise increase the local RMS.
GLEAM is a relatively low-resolution survey, and confuses unrelated galaxies which
are resolved by the other surveys. This may push many sources in faint bins into brighter
bins, as they are confused together into larger, brighter sources by the PSF; this may
account for the slight increase in observed counts around 100 mJy. The completeness limit
is also clearly evident at the low flux density end; this region of sky is 90% complete
at 50 mJy, and at this flux density the GLEAM counts drop dramatically. Franzen et al.
(2016) correct for these effects and derive detailed source counts for the 600 square degrees
imaged by Offringa et al. (2016). A future study, Franzen et al (in prep.) will perform the
same analysis for the GLEAM survey, over the full bandwidth of 72–231 MHz.
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Figure 4.17: Normalised Euclidean source counts at 150 MHz for GLEAM (black circles),
7C (red crosses), VLSSr (yellow diamonds), and counts by Intema et al. (2011) (blue
squares), Ghosh et al. (2012) (cyan pentagons), and Williams, Intema & Ro¨ttgering (2013)
(green hexagons). The 150 MHz astrophysical source evolution and luminosity model of
Massardi et al. (2010) is shown as a magenta line. The 90% completeness flux density of
GLEAM in this region is plotted as a 50 mJy dotted line; the 7C completeness is plotted as
a red dotted line. The top panel shows the source counts and the bottom panel shows the
residuals after the Massardi et al. (2010) model was subtracted.
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4.6 Spectral fitting with GLEAM data
The spectral coverage of the GLEAM survey represents a divergence from past radio
surveys, which mostly surveyed the radio sky at one frequency with a small bandwidth (e.g.
3C, MRC, SUMSS, NVSS, VLSSr etc). The twenty flux density measurements between 72
and 231 MHz reported in GLEAM provides an unparalleled data set for spectral analysis
of radio sources. However, with this advancement in bandwidth come statistical challenges
for spectral modelling and correctly combining data from many different telescopes.
For example, since self-calibration and multi-frequency synthesis were performed on
the full 30.72 MHz observing bandwidth, before it is split into four narrower sub-bands of
7.68 MHz, the four derived subband flux densities within one band are highly correlated.
Classical and sidelobe confusion also produce correlated noise that is dependent on the
flux density of the source (Murdoch, Crawford & Jauncey, 1973; Condon et al., 2012),
with faint sources (<1 Jy) having a more significant degree of correlation across the entire
MWA band, compared to bright sources. Additionally, due to the correction of the primary
beam uncertainties, all of the flux density measurements are correlated. The combination
of these effects generates a complex covariance function that should be taken into account
when combining GLEAM data with that from other radio telescopes or surveys. If this
correlation between the GLEAM data points are not taken into account, the remaining
trends present in the GLEAM flux density measurements can dominate any physical
relations. Most notably, the 8% flux scale error (Section 4.4.5.1) does not reduce by 1√
20
when the twenty sub-band data points are combined (either in a fit or a weighted average),
so the points should never be treated as independent data points when comparing to data
outside the GLEAM survey.
While it is currently not possible to calculate the exact form of the covariance function
that exists between the GLEAM flux density measurements, an approximation can be
made using Gaussian processes. For example, the correlation between the GLEAM flux
density measurements is found to be accurately described by a blocked Mate´rn covariance
function (Rasmussen & Williams, 2006), which produces a stronger correlation between
flux density measurements close in frequency space than further away. An example is
provided in Figure 4.18, which demonstrates how the fit is incorrect if one assumes the
GLEAM data points are independent.
4.7 Conclusions
We have performed a large-scale radio sky survey that we estimate is 99.5% complete
at 1 Jy for the sky south of declination +30◦, excluding the Galactic Plane and a small
number of other regions. The estimated reliability is 99.97%. The completeness varies
over the sky, and we provide machine-readable maps of the completeness at different flux
density levels to assist the catalogue user. Using a deep, wideband image formed across
170–231 MHz, we measured the flux density of 307,455 detected sources at 20 frequencies
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Figure 4.18: Spectral energy distribution of PKS B2059-786 highlighting the different
model fits, assuming the flux density measurements are correlated or independent. Red cir-
cles, green leftward-facing triangle, yellow rightward-facing triangle, and brown diamonds
represent data points from GLEAM, MRC, SUMSS, and the Australia Telescope Compact
Array calibrator database, respectively. The power-law model fit assuming all the data
points are independent is shown in dark orange. The model fit assuming the covariance
matrix of the MWA flux density measurements is described by a blocked Mate´rn covariance
function is shown in blue. The χ-values for the Gaussian process model fit to the data are
displayed in the panel below the spectral energy distribution.
spanning 72–231 MHz. Source spectral indices derived across this bandwidth agree with
results from other experiments using much wider frequency lever-arms.
The overall flux density scale accuracy is estimated to be 8% for 90% of the surveyed
area. This survey is on the Baars et al. (1977) flux density scale; a future study will
examine the agreement between GLEAM and MSSS, unifying the low-frequency flux
scales over the whole sky. This catalogue makes possible reliable flux calibration of other
low-frequency southern sky experiments, such as the search for the Epoch of Reionisation
by the MWA, PAPER, and eventually the low-frequency Square Kilometre Array.
The low-frequency flux densities and spectral indices of hundreds of thousands of radio
galaxies are now available, and cross-matching with higher-resolution data to disentangle
confused pairs and reveal morphology should maximise the utility of our low-frequency
flux density measurements. In this large dataset, there are also likely to be some interesting
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serendipitous detections. Future studies will search the survey for transient sources,
reprocess the data with a weighting scheme which increases the impact of the short
baselines of the array, thereby highlighting more diffuse structures, and publish the Galactic
Plane and Magellanic Clouds.
In addition to the observations used to create the catalogue presented here, the sky
has also been observed twice more during the second year of observations. Processing of
these new data will reduce the overall noise of the survey, where not already dominated by
sidelobe confusion, and improve the sky coverage over the first year of observations. More
advanced processing techniques such as the application of direction-dependent gains, may
increase the survey depth further.
All data (images and catalogue) are publicly available at the MWA Telescope website
on the World Wide Web, http://www.mwatelescope.org.
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5Extragalactic Peaked-Spectrum Radio
Sources at Low Frequencies
The following chapter has been reproduced from the peer-reviewed paper Callingham
et al. (2017), “Extragalactic Peaked-Spectrum Radio Sources at Low Frequencies”, The
Astrophysical Journal, 2017, 836, 174-202. Minor typographical and grammatical changes
have been made to ensure consistency with the rest of the thesis.
We present a sample of 1,483 sources that display spectral peaks between 72 MHz and
1.4 GHz, selected from the GLEAM survey. The GLEAM survey is the widest fractional
bandwidth all-sky survey to date, ideal for identifying peaked-spectrum sources at low
radio frequencies. Our peaked-spectrum sources are the low frequency analogues of GPS
and CSS sources, which have been hypothesised to be the precursors to massive radio
galaxies. Our sample more than doubles the number of known peaked-spectrum candidates,
and 95% of our sample have a newly characterised spectral peak. We highlight that some
GPS sources peaking above 5 GHz have had multiple epochs of nuclear activity, and
demonstrate the possibility of identifying high redshift (z > 2) galaxies via steep optically
thin spectral indices and low observed peak frequencies. The distribution of the optically
thick spectral indices of our sample is consistent with past GPS/CSS samples but with
a large dispersion, suggesting that the spectral peak is a product of an inhomogeneous
environment that is individualistic. We find no dependence of observed peak frequency
with redshift, consistent with the peaked-spectrum sample comprising both local CSS
sources and high-redshift GPS sources. The 5 GHz luminosity distribution lacks the
brightest GPS and CSS sources of previous samples, implying that a convolution of source
evolution and redshift influences the type of peaked-spectrum sources identified below
1 GHz. Finally, we discuss sources with optically thick spectral indices that exceed the
SSA limit.
5.1 Introduction
GPS, CSS, and HFP sources are a class of radio-loud AGN that have been argued to be
the young precursors to massive radio-loud AGN, such as Centaurus A and Cygnus A
(Fanti et al., 1990; O’Dea, Baum & Stanghellini, 1991; Dallacasa et al., 2000; Tinti et al.,
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2005; Kunert-Bajraszewska et al., 2010). GPS and HFP sources are defined as having a
peak in their radio spectra and steep spectral slopes either side of the peak. They are also
often found with small linear sizes and low radio polarisation fractions (O’Dea, Baum &
Stanghellini, 1991). CSS sources are thought to be a related class that has similar properties
to GPS and HFP sources but peak frequencies below the traditional gigahertz selection
frequencies (Fanti et al., 1990). Hence, the main differentiation between GPS, CSS and
HFP sources is the frequency of the spectral peak and the largest linear size. GPS and
HFP sources have linear sizes . 1 kpc and peak frequencies of ∼ 1 − 5 GHz, and & 5 GHz,
respectively (O’Dea, 1998; Dallacasa et al., 2000). In comparison, CSS sources have linear
sizes of ∼ 1 − 20 kpc and are thought to have the lowest peak frequencies . 500 MHz,
but until recently low radio frequency observations have been lacking to confirm such a
situation (Fanti et al., 1990).
The argument that GPS, CSS, and HFP sources represent the first stages of radio-loud
AGN evolution was inferred by VLBI observations of these sources, revealing small scale
morphologies reminiscent of large scale radio lobes of powerful radio galaxies, with two
steep-spectra lobes surrounding a flat spectrum core (Phillips & Mutel, 1980; Wilkinson
et al., 1994; Stanghellini et al., 1997; Orienti et al., 2006; An et al., 2012). Additional
multi-epoch VLBI observations measured the motion of the hotspots, providing indirect
evidence for ages . 105 yrs (Owsianik & Conway, 1998; Polatidis & Conway, 2003;
Gugliucci et al., 2005). The ‘youth’ scenario for these sources is further supported by high
frequency spectral break modelling (Murgia et al., 1999; Orienti, Murgia & Dallacasa,
2010) and the discovery of the empirical relation between rest frame turnover frequencies
and linear size (O’Dea & Baum, 1997; O’Dea, 1998). This suggests HFP sources evolve
into GPS sources, which in turn evolve into CSS sources, and then finally grow to reach
the size of FR I and FR II radio galaxies (Fanaroff & Riley, 1974; Kunert-Bajraszewska
et al., 2010). The theoretical modelling of Snellen et al. (2000) also suggests that GPS and
HFP sources should increase luminosity and size during evolution, if they are continually
fuelled, until the CSS stage due to interaction with the surrounding medium.
However, the ‘frustration’ hypothesis, which implies that these sources are not young
but are confined to small spatial scales due to unusually high nuclear plasma density (van
Breugel, Miley & Heckman, 1984; Bicknell, Dopita & O’Dea, 1997), has seen a resurgence
in explaining the properties of the GPS, CSS, and HFP population (e.g. Peck, Taylor &
Conway, 1999; Kameno et al., 2000; Marr, Taylor & Crawford, 2001; Tingay & de Kool,
2003; Orienti & Dallacasa, 2008; Marr et al., 2014; Tingay et al., 2015; Callingham et al.,
2015). The primary reasons that a debate remains about the nature of GPS, CSS, and HFP
sources is because there appears to be an overabundance of these sources relative to the
number of large radio AGN (O’Dea & Baum, 1997; Readhead et al., 1996; Snellen et al.,
2000; An & Baan, 2012), and detailed spectral and morphological studies of individual
sources have demonstrated that several of these sources are confined to a small spatial
scale due to a dense ambient medium and a cessation of AGN activity (e.g. Peck, Taylor
& Conway, 1999; Orienti, Murgia & Dallacasa, 2010; Callingham et al., 2015). It is also
possible that both the ‘youth’ and ‘frustration’ scenarios may apply to the GPS, CSS, and
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HFP population, since sources with intermittent AGN activity may never break through a
dense nuclear medium but young sources with constant AGN activity could evolve past
the inner region of the host galaxy (An & Baan, 2012).
One method that can deduce whether a GPS, CSS, or HFP source is frustrated or
young is by identifying whether SSA or FFA is responsible for the turnover in the radio
spectrum (e.g. Tingay & de Kool, 2003; Marr et al., 2014; Callingham et al., 2015). This
is because the turnover in a source’s spectrum will likely be dominated by FFA when
confined to a small spatial scale by a dense medium (Bicknell, Dopita & O’Dea, 1997;
Kuncic, Bicknell & Dopita, 1998). To successfully discriminate between SSA and FFA
requires comprehensively sampling the spectrum of the source below the turnover, ideally
with the observations below the spectral peak occurring simultaneously (O’Dea, Baum &
Stanghellini, 1991; O’Dea & Baum, 1997). Previous studies of samples of GPS, CSS, and
HFP sources have often had only a single flux density measurement below the spectral peak,
and composed of multi-epoch data with sparse frequency sampling, such that differentiation
between FFA and SSA have been ambiguous for sources in large samples (e.g. O’Dea,
1998; Snellen et al., 2000; Dallacasa et al., 2000; Snellen et al., 2002; Edwards & Tingay,
2004; Randall et al., 2011). Other methods of differentiating between SSA and FFA, such
as spectral variability (Tingay et al., 2015) or the change in circular polarisation over the
spectral peak (Melrose, 1971), have also suffered from having incomplete, multi-epoch
data below the turnover.
In addition to GPS, CSS, and HFP sources, there have been recent studies of a related
class of radio-loud AGN referred to as megahertz-peaked spectrum (MPS) sources (Falcke,
Ko¨rding & Nagar, 2004; Coppejans et al., 2015, 2016). These sources have the same
spectral shape as GPS, CSS, and HFP sources but have an observed turnover frequency
below 1 GHz. MPS sources are believed to be a combination of nearby CSS sources,
and GPS and HFP sources at high redshift such that the turnover frequency has shifted
below a gigahertz due to cosmological evolution (Coppejans et al., 2015). In particular,
Coppejans et al. (2015) and Coppejans et al. (2016) have demonstrated that low-radio
frequency selection criteria can identify non-beamed sources located at z > 2 and which
appear young due to their small linear size. So far, investigations of MPS sources have
been limited to small sections of the sky and moderate sample sizes.
We have entered a new era in radio astronomy where the limitations of small fractional
bandwidth at low radio frequencies have been lifted, with the MWA (Tingay et al., 2013),
the GMRT (Swarup, 1991), and LOFAR (van Haarlem et al., 2013) now operational. With
the all-sky surveys at these facilitates nearing completion, such as GLEAM survey (Wayth
et al., 2015), TGSS (Intema et al., 2016), and MSSS (Heald et al., 2015), astronomers
now have unprecedented access to the radio sky below 300 MHz. While the first surveys
in radio astronomy were conducted at low frequencies (e.g. Mills, Slee & Hill, 1958;
Edge et al., 1959), MSSS and the GLEAM survey represent a significant step forward in
the field because they have surveyed the sky with wide fractional bandwidths and much
higher sensitivity. In particular, the GLEAM survey represents the widest continuous
fractional bandwidth all-sky survey ever produced, with twenty contemporaneous flux
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density measurements between 72 and 231 MHz for approximately 300,000 sources in
the extragalactic catalogue produced from the GLEAM survey. Hence, the GLEAM
extragalactic catalogue is a rich dataset to study sources that have a spectral peak at low
frequencies.
The purpose of this chapter is to use the GLEAM extragalactic catalogue to construct
the largest sample of peaked-spectrum sources to date, with contemporaneous observations
at and below the spectral peak. Such a statistically significant sample has unparalleled
frequency coverage below the turnover of GPS, CSS and HFP sources, providing a database
for a comprehensive spectral comparison of the different absorption models, a test of
whether sources with low frequency spectral peaks are preferentially found at high redshift,
and analysis of how many peaked-spectrum sources constitute the wider radio-loud AGN
at low radio frequencies. Note that in this chapter we use the term ‘peaked-spectrum’ to
collectively refer to GPS, CSS, HFP, and MPS sources, and the terms ‘spectral peak’ and
‘spectral turnover’ interchangeably.
The relevant surveys used in the source selection, the cross-matching routine, and
spectral modelling procedure performed are outlined in Section 5.2, Section 5.3, and
Section 5.4, respectively. In Section 5.5, we discuss the selection criteria implemented to
identify peaked-spectrum sources. Comparisons of the identified peaked-spectrum sources
to known GPS, CSS, and HFP sources, and USS sources, are presented in Section 5.6 and
Section 5.7, respectively. Relevant observed and intrinsic spectral features of the peaked-
spectrum samples are outlined in Section 5.8. Finally, we introduce and debate the nature
of sources with radio spectra near the limit of SSA in Section 5.9. In this chapter, we adopt
the standard Lambda Cold Dark Matter (ΛCDM) cosmological model, with parameters
ΩM = 0.27, ΩΛ = 0.73, and Hubble constant H0 = 70 km s−1 Mpc−1 (Hinshaw et al.,
2013).
5.2 Descriptions of the surveys used in the selection of
peaked-spectrum sources
The sensitivity and frequency coverage of the surveys used for selecting peaked-spectrum
sources impact the type of sources identified. Most previous studies (e.g. Fanti et al.,
1990; O’Dea, Baum & Stanghellini, 1991; Stanghellini et al., 1998; Snellen et al., 1998;
Dallacasa et al., 2000; Kunert-Bajraszewska et al., 2010) used surveys that observed the
sky at a single frequency around or above 1 GHz. Since the inverted spectrum below the
spectral turnover distinguishes a peaked-spectrum source, the low frequency survey used
for selection dictates the type of sources identified, while higher frequency surveys are
used to confirm the turnover and measure the spectral slope in the optically thin regime.
Additionally, it is ideal if the higher frequency surveys have better sensitivities compared
to the low frequency survey to ensure that the selected peaked-spectrum sample has a
completeness set only by the low frequency data.
The GLEAM extragalactic catalogue represents a significant advance in selecting
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peaked-spectrum sources, since it is constituted of sources that were contemporaneously
surveyed with the widest fractional radio bandwidth to date, with twenty flux density
measurements between 72 and 231 MHz. With such frequency coverage, selection below
and at the spectral peak can be performed solely using one survey. To increase the validity
of the detection of the peak in the spectra of these sources, to remove flat-spectrum sources,
and to measure the slope above the turnover, we also use NVSS (Condon et al., 1998)
and SUMSS (Bock, Large & Sadler, 1999; Mauch et al., 2003). Since the combination of
NVSS and SUMSS cover the entire GLEAM survey, and are an order of magnitude more
sensitive, this study is sensitive to peaked-spectrum sources that peak anywhere between
72 MHz and 843 MHz / 1.4 GHz. Examples of the types of peaked-spectrum sources that
this study and previous studies identify are highlighted in Figure 5.1. Details of the surveys
used to select peaked-spectrum sources in this study are provided below.
5.2.1 GaLactic and Extragalactic All-sky Murchison Widefield
Array (GLEAM) Survey
The GLEAM survey was formed from observations conducted by the MWA, which
surveyed the sky between 72 and 231 MHz from August 2013 to July 2014 (Wayth et al.,
2015). The MWA is a low radio frequency aperture array that is composed of 128 32-dipole
antenna “tiles” spread over a ≈ 10 km area in Western Australia (Tingay et al., 2013). The
extragalactic catalogue formed from the GLEAM survey consists of 307,455 sources south
of declination +30◦, excluding Galactic latitudes |b| < 10◦, the Magellanic clouds, within
9◦ of Centaurus A, and a 859 square degree section of the sky centred at RA 23 h and
declination +15◦. The positions of the sources reported are accurate to within ≈ 30′′and
the catalogue is ≈ 90% complete at 0.16 Jy (Hurley-Walker et al., 2017). The sources in
the catalogue have twenty flux density measurements between 72 and 231 MHz, mostly
separated by 7.68 MHz.
While the data reduction process that was performed to produce the GLEAM ex-
tragalactic catalogue is discussed in detail in Chapter 4, we summarise the details here
considering the importance of the GLEAM extragalactic catalogue to this study. At seven
independent declination settings, the GLEAM survey employed a two-minute “snapshot”
observing mode. COTTER (Offringa et al., 2015) was used to process the visibility data,
and any radio frequency interference was excised by the AOFLAGGER algorithm (Offringa,
van de Gronde & Roerdink, 2012b). For the five instantaneous observing bandwidths of
30.72 MHz, which are observed approximately two minutes apart, an initial sky model was
produced by observing bright calibrator sources. WSCLEAN (Offringa et al., 2014) was
used to perform the imaging of the observations, implementing a “robust” parameter of
−1.0 (Briggs, 1995a), which is close to uniform weighting. Each snapshot observation had
multi-frequency synthesis applied across the instantaneous bandwidth, and then CLEANed
to the first negative CLEAN component. A self-calibration loop was then applied to each
of the images. The shallowly CLEANed 30.72 MHz bandwidth observations were divided
into four 7.68-MHz sub-bands and jointly CLEANed, resulting in a RMS of ≈ 100 to
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Figure 5.1: The different frequencies and limiting sensitivities for major radio surveys.
The GLEAM survey is shown as a black line due to its variable limiting sensitivities
between 72 and 231 MHz. The blue, red, and orange curves represent the SSA spectra of
peaked-spectrum sources that peak at 200, 1000, and 10000 MHz, respectively. Therefore,
this study is sensitive to such peaked-spectrum sources portrayed by the blue spectrum
but not to previously identified peaked-spectrum sources portrayed by the red or orange
spectra. All surveys plotted are detailed in Chapter 1.
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≈ 20 mJy beam−1 for 72 to 231 MHz, respectively.
The 408 MHz MRC (Large et al., 1981; Large, Cram & Burgess, 1991), scaled to the
respective frequency, was used to set an initial flux density scale for the images and to
apply an astrometric correction. The snapshots for an observed declination strip were
mosaicked, with each snapshot weighted by the square of the primary beam response. Due
to inaccuracies in the primary beam model, the remaining declination dependence in the
flux density scale was corrected using VLSSr (Lane et al., 2014), MRC, and NVSS, and
to place the survey on the Baars et al. (1977) flux density scale. It is estimated that the
flux density calibration is internally accurate to within 2–3% and accurate to 8-13% when
comparing the GLEAM flux densities to other surveys (Hurley-Walker et al., 2017).
For each mosaic, a deep wideband image covering 170-231 MHz was formed, with
a resolution of ≈ 2′, to provide a higher signal-to-noise ratio and more accurate source
positions than what can be attained from a single 7.68-MHz sub-band image. The sources
in this wideband image were then convolved with the appropriate synthesised beam and
used as priors for characterizing the flux density of the sources at each of the sub-band
frequencies, using the source finding and characterisation program AEGEAN1 v1.9.6
(Hancock et al., 2012).
5.2.2 NRAO VLA Sky Survey (NVSS)
NVSS is a 1.4 GHz continuum survey that was conducted by the VLA between 1993 and
1996 (Condon et al., 1998). It covers the entire sky north of a declination of −40◦ and at
a resolution of ≈ 45′′. The catalogue produced from the survey has a total of 1,810,672
sources, which is 100% complete above 4 mJy. The positions of the sources are accurate to
within 1′′.
5.2.3 Sydney University Molonglo Sky Survey (SUMSS)
SUMSS is a continuum survey designed to have similar frequency, resolution, and sen-
sitivity to NVSS but to cover the sky below the declination limit of NVSS. SUMSS was
conducted by the MOST (Mills, 1981; Robertson, 1991) at 843 MHz between 1997 and
2003, covering the sky south of a declination of −30◦, excluding Galactic latitudes below
10◦ (Bock, Large & Sadler, 1999; Mauch et al., 2003). The resolution of the survey varied
with declination δ as 45′′ × 45′′ cosec|δ|. The catalogue consists of 211,063 sources, with
a limiting peak brightness of 6 mJy beam−1 for sources with declinations below −50◦, and
10 mJy beam−1 for sources with declinations above −50◦. Positions in the catalogue are
accurate to within 1′′− 2′′ for sources with flux densities greater than 20 mJy beam−1, and
are always better than 10′′. The survey is believed to be 100% complete above ≈ 8 mJy
south of a declination of −50◦, and above ≈ 18 mJy for sources between declinations of
−50◦ and −30◦.
1https://github.com/PaulHancock/Aegean
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5.2.4 Additional radio surveys
While GLEAM, NVSS, and SUMSS were the only surveys used for selecting peaked-
spectrum sources, once a peaked-spectrum source was identified it was cross-matched
to other all-sky radio surveys that covered any part of the GLEAM survey region. This
included the 74 MHz VLSSr, 408 MHz MRC, and the AT20G survey (Murphy et al., 2010).
These additional surveys were not used in any of the following spectral modelling, unless
otherwise explicitly stated, but will be shown in any spectral energy distributions to help
identify if a spectral fit to the GLEAM and NVSS/SUMSS data is accurate.
Note that at the time of writing the 150 MHz TGSS-ADR1 (Intema et al., 2016)
was released and undergoing review, including refining the uniformity of its flux density
scale. The identified peaked-spectrum sources were also cross-matched to TGSS-ADR1
but TGSS-ADR1 was not used for the selection of peaked-spectrum sources despite a
significant improvement in sensitivity and resolution compared to the GLEAM survey.
This is largely because TGSS-ADR1 only surveyed the sky at a single frequency with a
comparatively small bandwidth of 17 MHz, thus increasing the potential for a sample to be
biased by variable sources.
5.3 Cross-matching routine
The Positional Update and Matching Algorithm (PUMA; Line et al., 2016) was used to
assess the probability of a cross-match between the GLEAM extragalactic catalogue and
NVSS/SUMSS. PUMA is an open source cross-matching software2, specifically designed
for matching low-frequency radio (. 1 GHz) catalogues that have varying resolutions. It
implements a Bayesian positional matching approach that uses catalogue source density,
sky coverage, and positional errors as a prior, to calculate the probability of a true match
for any cross-match (Budava´ri & Szalay, 2008).
As the surveying telescopes used to create the all-sky catalogues have differing resolu-
tions, multiple matches are common-place when cross-matching the different catalogues
(see e.g. Carroll et al., 2016). Confused matches can manifest in two different ways:
multiple sources from a higher resolution catalogue appear to match a single source from a
lower resolution catalogue, when really only one source truly matches; a lower resolution
catalogue is blending multiple components together and so multiple sources from a higher
resolution catalogue do truly match a single lower resolution source.
In this work, the GLEAM extragalactic catalogue was used as the base catalogue, and
was individually cross-matched to SUMSS and NVSS, with an angular cut-off of 2′20′′,
which is approximately the full-width half-maximum of the MWA beam in the wide-band
image. All possible matches were retained, and the results combined to create groups
of possible cross-matches to each GLEAM source. Within each group, the positional
probability of a true match was calculated for each cross-match (a combination of sources
that only includes one source from each catalogue). Using these positional results, we
2https://github.com/JLBLine/PUMA
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then selected the sources that PUMA assigned as isolated, implying only one source
from each catalogue lay within 2′20′′. These cases were accepted if all matched sources
lay within 1′10′′ of the GLEAM source position or if the positional probability of the
cross-match was > 0.99. We excluded cases where multiple sources were matched to a
GLEAM source, since we are interested in peaked-spectrum sources, which are defined to
be unresolved at the resolution of the surveys used in this study. Additional details about
the cross-matching of the GLEAM sample are presented in Section 5.5.
5.4 Spectral modelling procedure
Selecting and assessing the spectral properties of peaked-spectrum sources requires fitting
their spectra. The parameter values of various models fit in this study were assessed
using the Bayesian model inference routine outlined in Chapter 2. In summary, a MCMC
algorithm was used to sample the posterior probability density functions of the various
model parameters. The parameter values were accepted when the applied Gaussian
likelihood function was maximised under physically sensible uniform priors. The affine-
invariant ensemble sampler of Goodman & Weare (2010), via the Python package emcee
(Foreman-Mackey et al., 2013), was implemented. We utilised the simplex algorithm to
direct the walkers to the maximum of the likelihood function (Nelder & Mead, 1965).
When fitting within the GLEAM band, we assumed that the flux density measurements
were independent and the uncertainties were Gaussian. However, the known correlation
between the sub-band flux densities within the GLEAM band (see Section 4.6 of Chapter 4)
had to be modelled when GLEAM data were fit simultaneously with other surveys, to
ensure that any spurious trends present in the GLEAM flux density measurements did
not influence any physical relations. It is not possible to calculate the exact form of
the covariance matrix that would describe the correlation between the GLEAM points,
but it can be approximated using Gaussian processes with a Mate´rn covariance function
(Rasmussen & Williams, 2006). The Mate´rn covariance function produces a stronger
correlation between flux density measurements closer in frequency space than further away,
as is physically expected for the GLEAM correlation since it largely arises from a complex
interaction of multi-frequency CLEAN, self-calibration, and side-lobe confusion (Franzen
et al., 2016; Hurley-Walker et al., 2017).
5.4.1 Spectral models
In this study, the spectra of sources are fit with four different spectral models to help
select and characterise peaked-spectrum sources. Firstly, we use the standard non-thermal
power-law model of the form:
Sν = aν
α, (5.1)
where a, in Jy, characterises the amplitude of the synchrotron spectrum, α is the synchrotron
spectral index, and Sν is the flux density at frequency ν, in MHz. Since the GLEAM
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survey has a large fractional bandwidth, and radio sources are known to show curvature in
their observed spectra when closely sampled (Blundell, Rawlings & Willott, 1999), we
also fit the curved power-law model characterised as
Sν = aν
αeq(ln ν)
2
, (5.2)
where q parametrises the spectral curvature and νp = e−α/2q is the frequency at which
the spectrum peaks. Significant curvature is represented by values of |q| > 0.2, and the
spectral curvature flattens towards a standard power-law as q approaches zero. While such
a parametrisation of curvature might not seem physically motivated, Duffy & Blundell
(2012) have shown that q can be directly related to the magnetic field strength, energy
density, and electron density of lobe-dominated sources.
Additionally, the following generic curved model was used to characterise the entire
spectrum of a peaked-spectrum source:
Sν =
Sp
(1− e−1)
(
1− e−(ν/νp)αthin−αthick
)( ν
νp
)αthick
, (5.3)
where αthick and αthin are the spectral indices in the optically thick and optically thin
regimes of the spectrum, respectively. Sp is the flux density at the frequency νp (Snellen
et al., 1998). When αthick = 2.5, this model reduces to a homogeneous SSA source.
Equation 5.3 does not assume the underlying absorption mechanism is SSA or FFA, but
does require that the slope of the spectrum above and below the spectral peak be modelled
by a power-law (similar to e.g. Bicknell, Dopita & O’Dea, 1997). Note that this model
is only used to describe the spectrum of a source, not to assess whether SSA or FFA is
responsible for the turnover.
In rare cases, the spectrum of a source is not well modelled by a turnover with power-
law slopes on either side. To describe the spectra of these complex sources, it is assumed
that the particle population producing the non-thermal power-law spectrum is surrounded
by a homogeneous ionised screen of plasma such that
Sν = aν
αe(ν/νp)
−2.1
. (5.4)
This homogeneous FFA model is used to model the spectra of such sources because it
produces an exponential attenuation below the spectral peak, as opposed to the power-law
relations described by Equation 5.3. The FFA model, and the spectra of the sources that
the model is used to describe, are discussed in more detail in Section 5.9.
5.5 Peaked-spectrum source selection criteria
A selection criterion that is effective in selecting a particular type of source, and which
is well-defined such that any introduced bias is easily quantified, is required in order to
produce a complete and reliable sample. For identifying peaked-spectrum sources, the
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selection criterion involves characterizing whether the distinguishing feature of a spectral
peak occurs in a source’s spectrum.
Previous studies have made the assessment of a spectral peak in radio colour-colour
phase space (e.g. Sadler et al., 2006; Massardi et al., 2011), where radio colour-colour
phase space is defined by the spectral index derived between two high frequencies αhigh and
the spectral index derived between two lower frequencies αlow. If αlow had an opposite sign
to αhigh, it was assumed that a peak occurs in the frequency range somewhere between the
frequencies in which αlow and αhigh were derived. We also utilise radio colour-colour space
for identifying sources that peak somewhere between the end of the GLEAM frequency
coverage and the start of the frequency coverage of SUMSS/NVSS. However, due to the
large fractional bandwidth of the GLEAM survey, sources that have a turnover between 72
and 231 MHz could be missed in radio colour-colour phase space since a power-law does
not accurately describe their spectra. Therefore, we will also identify peaked-spectrum
sources through a direct measurement of their curvature in the GLEAM band. This is
outlined below in Section 5.5.1 and Section 5.5.2.
5.5.1 Sky area, resolution, and flux density limits
Before making a distinction based on the spectral properties of a source, we must first make
resolution, cross-matching and flux density cuts to the GLEAM extragalactic catalogue to
ensure that a reliable and complete peaked-spectrum sample with well understood biases is
derived. The selection criteria employed are summarised in Table 5.1 and detailed below:
Table 5.1: A summary of the applied selection criteria and the number of sources that remained after each stage of selection.
Italicised numbers indicate the subset of sources selected from the previous non-italicised number. The details of the selection
process are discussed in Section 5.5. With regard to the peaked-spectrum samples, “high frequency” refers to sources with a
spectral peak above a frequency of ≈ 180 MHz, while “low frequency” refers to sources with a spectral peak below a frequency of
≈ 180 MHz. b and δ represent Galactic latitude and declination, respectively.
Selection step Selection criterion Number of sources
0 Total GLEAM extragalactic catalogue (|b| > 10◦, δ 6 +30◦) 307,456
1 Unresolved in the GLEAM wideband image ab/(apsfbpsf) 6 1.1 210,365
2 δ > −80◦ 208,595
3 S200MHz,wide > 0.16 Jy 98,329
4 Sources with 8 or more GLEAM flux density
measurements with a S/N > 3 96,698
5 NVSS and/or SUMSS counterpart 96,628
6 Peaked-spectrum selection 1,483
6a High frequency soft sample
αlow > 0.1 and αhigh 6 −0.5 207
6b High frequency hard sample
αlow > 0.1 and −0.5 < αhigh 6 0 506
6c GPS sample
αlow > 0.1 and αhigh > 0 261
6d Low frequency soft sample
αlow < 0.1, αhigh 6 −0.5, 72 MHz6 νp6 231 MHz, q 6 −0.2, and ∆q 6 0.2 394
6e Low frequency hard sample
αlow < 0.1, −0.5 < αhigh 6 0, 72 MHz6 νp6 231 MHz, q 6 −0.2, and ∆q 6 0.2 115
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1. Any source that is resolved in the GLEAM wideband image, centred on 200 MHz,
was eliminated since peaked-spectrum sources are found to have small spatial scales.
The wideband image was used to perform this cut because it achieves the highest
resolution of the GLEAM survey of ≈ 2′, and all sources in the GLEAM survey are
found within the wideband image. We determined whether a source was resolved in
the wideband image by the criterion ab/(apsfbpsf) 6 1.1, where a, b, apsf , and bpsf
are the semi-major and semi-minor axes of a source and the point spread function,
respectively. While this resolution limit is signal-to-noise dependent, the flux density
cut outlined in step 3 below ensures that this step has not removed potential low
signal-to-noise peaked-spectrum sources. This resolution cut reduces the total
GLEAM extragalactic catalogue by approximately one-third to 208,595 sources.
2. Sources that are located within 10◦ of the south celestial pole were removed because
of greater than 80% uncertainties in the GLEAM flux density scale, and greater than
1′ uncertainties in the GLEAM positions. Such large uncertainties are mostly due to
blurring of the source resulting from mosaicking many hours of data with different
ionospheric conditions (Hurley-Walker et al., 2017). This decreased the sample by
an additional 1,770 sources, or 0.8%. Note that sources between declinations of
−72◦ and −80◦ have larger GLEAM systematic uncertainties then the rest of the
survey to reflect the larger uncertainty in the flux density scale for this part of the
sky.
3. A flux density cut was made to provide a reliable peaked-spectrum sample and
to evaluate its completeness. The GLEAM extragalactic catalogue is estimated to
be ≈ 90% complete and 99.98% reliable at 0.16 Jy based on the wideband image.
Therefore, we only investigated sources which had S200MHz,wide > 0.16 Jy, where
S200MHz,wide is the flux density in the wideband image. Imposing this flux density
limit also guarantees that the sample is only formed from sources with S/N greater
than 20, limiting the impact of classical confusion on the spectra of the sources
(Murdoch, Crawford & Jauncey, 1973). The sample was approximately halved to
98,329 sources after this flux density cut.
4. The previous flux density cut selects a reliable sample from the wideband image but
does not account for local variations in the noise within the sub-band images. Large
variations in the local RMS noise with frequency in the GLEAM survey are often
due to calibration issues near bright sources or the edge of the survey. Additionally,
sources with low S/N will suffer from non-Gaussianity in their uncertainties (Hurley-
Walker et al., 2017). Since accurate spectra across the entirety of the GLEAM band
are needed to reliably select peaked-spectrum sources, we required that a sub-band
flux density have a S/N > 3 to be used in the spectral fitting. If a source was left
with seven or less GLEAM flux density measurements, which represents less than a
third of the total GLEAM bandwidth, it was excluded from the sample. This step
removed 1,739 sources, ≈ 1.8% of the sources from the previous step.
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5. The remaining sources were cross-matched to NVSS and SUMSS using the cross-
matching routine outlined in Section 5.3. Since NVSS and SUMSS are over two
orders of magnitude more sensitive than the GLEAM survey, 99.93% of the sample
have a NVSS/SUMSS counterpart. The 70 sources that do not have a counterpart are
retained for follow-up investigations. Note that GLEAM sources that are located be-
tween declinations of −30◦ and −40◦ have two counterparts due to a 10◦ declination
overlap between NVSS and SUMSS.
5.5.2 Spectral classification
At this step in the selection process, it is possible to define the position of the sources in a
radio colour-colour phase space that is characterised from 72 MHz to 843 MHz / 1.4 GHz.
Using the modelling procedure detailed in Section 5.4, we fit Equation 5.1 to the twenty
GLEAM flux density points to derive the low frequency spectral index αlow. Similarly,
the high frequency spectral index αhigh was derived by fitting a power-law to the SUMSS
and/or NVSS flux density point(s) and to the two GLEAM sub-band flux densities centred
on 189 and 212 MHz. These two GLEAM sub-band frequencies were chosen because they
are near the top of the overall GLEAM band and are from two different GLEAM observing
bands. Since systematic fluctuations introduced from the data reduction procedure are
largely observing band based (see e.g. Figure 4.18 of Chapter 4), the selection of two sub-
band frequencies from different observing bands minimises the impact of any systematic
and statistical variations in calculating αhigh.
The radio colour-colour phase space from 72 MHz to 843 MHz / 1.4 GHz for 96,628
sources is presented in Figure 5.2, and represents the most populated radio colour-colour
plot produced to date. As expected from previous spectral index studies at these frequencies
(Lane et al., 2014; Mahony et al., 2016; Hurley-Walker et al., 2017), ≈ 70% of sources
cluster around (αlow,αhigh)≈ −0.8 ± 0.2, which is located in the third quadrant of the
diagram, as represented by the symbol Q3 in Figure 5.2, corresponding to spectra described
by an optically thin synchrotron power-law. The sources in the first quadrant have a positive
spectral index that extends from 72 MHz to 843 MHz / 1.4 GHz, and are likely dominated
by GPS or HFP sources that are peaking near or above 1 GHz. The fourth quadrant is
occupied by sources that exhibit convex spectra, which are likely composite sources with a
steep-spectrum power-law component at low frequencies and an inverted component at
high frequency, which could indicate multiple epochs of AGN activity.
Sources that display concave spectra near the top, or above, the GLEAM band are
located in the second quadrant of Figure 5.2, and thus it is possible to select peaked-
spectrum sources from this region. Note that in the literature, GPS, CSS, and HFP have
been defined as having αhigh 6 −0.5 (O’Dea, 1998). Such a definition will also be applied
to isolate peaked-spectrum sources in this study for ease of comparison to literature samples,
but the continuous distribution in αhigh across αhigh = −0.5 in Figure 5.2 suggests such a
definition is arbitrary. We have included Figure 5.3 to help guide the reader in identifying
the different areas of Figure 5.2 used to isolate peaked-spectrum sources, as outlined in the
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Figure 5.2: Radio colour-colour diagram for the 96,628 GLEAM sources that remain after
step five of the selection process that is detailed in Table 5.1. αlow is derived from the twenty
GLEAM data points between 72 and 231 MHz. αhigh was calculated between the GLEAM
flux density measurements centred on 189 and 212 MHz and NVSS and/or SUMSS.
Contours and a density map are plotted for the region surrounding (αlow,αhigh)≈ −0.8 due
to the large number of points. The colour in the density map conveys the number of sources
each coloured pixel, corresponding to the values of the colour bar at the top left of the plot.
The contour levels represent 100, 500, 1000, and 2000 sources, respectively. At αhigh =
−0.5, the horizontal solid blue line delineates the limit below which sources are identified
as peaked-spectrum in the literature. The vertical solid blue line at αlow = 0.1 marks the
separation between the high and low frequency peaked-spectrum samples. The dashed
red lines represent spectral indices of zero and the one-to-one relation of αlow and αhigh.
Shown in grey at the corners of the plot are mock spectra of the sources for that quadrant.
Individual error bars are not plotted to avoid confusion, but the median error bar size for the
sample is illustrated at the top left of the figure. The first, second, third, fourth quadrants
discussed in the text are labelled by Q1, Q2, Q3, and Q4, respectively. The two histograms
to the top and to the right of the diagram represent the one-dimensional distributions of
αlow and αhigh, normalised by the maximum value of the distribution. The median value,
and standard deviation, of αlow and αhigh are −0.81± 0.19 and −0.82± 0.21, respectively.
The median values of αlow and αhigh are shown by dashed black lines. Over-plotted on the
histograms, in red, are Gaussian fits to the distributions.
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Figure 5.3: A schematic of the radio colour-colour plot of Figure 5.2. The coloured areas
represent the regions in which peaked-spectrum sources were selected for the different
samples outlined in step 6 of the selection process. The green, blue, yellow, purple, and
maroon sections are the areas in which the high frequency soft (step 6a), high frequency
hard (step 6b), GPS (step 6c), low frequency soft (step 6d), and low frequency hard (step
6e) samples were selected, respectively. Note that high frequency here implies the peak of
the source generally occurs above frequencies of ≈180 MHz. The areas highlighted for the
low frequency samples are only indicative and ≈ 5% of sources outside these regions are
located above the one-to-one line.
next step of the selection process:
6a. Sources in the second quadrant of Figure 5.2 have a turnover in their spectra some-
where between ≈ 200 MHz and 843 MHz / 1.4 GHz. Since the original definition
of GPS, CSS, HFP sources requires αhigh 6 −0.5 (O’Dea, 1998), which is shown
by the solid blue line in Figure 5.2, we use this limit to select peaked-spectrum
sources with αhigh 6 −0.5. We also require αlow > 0.1, instead of αlow > 0, because
it is significantly more reliable in selecting peaked-spectrum sources as the cut at
αlow > 0.1 minimises the contamination of flat spectrum sources, and because the
median uncertainty in αlow is ≈ 0.1. Sources with αlow < 0.1 are discussed below.
This sample is referred to as the high frequency soft sample and contains 207 sources.
6b. It is possible for peaked-spectrum sources to exist in the second quadrant above the
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limit of αhigh = −0.5. Such sources have wider spectral widths, or higher frequency
peaks, than those peaked-spectrum sources identified in step 6a. Therefore, we also
select peaked-spectrum sources with αlow > 0.1 and −0.5 < αhigh 6 0, and refer to
this collection of sources as the high frequency hard sample. Such a sample may
be more contaminated by variable flat-spectrum sources than the soft sample due
to the shallower dependence on αhigh. There are a total of 506 sources in this high
frequency hard sample.
6c. Sources located in Q1 of Figure 5.2 could be GPS, HFP, and CSS sources that peak
above 843 MHz /1.4 GHz. Therefore, sources with αlow > 0.1 and αhigh > 0 are also
isolated. This sample is referred generally to as the GPS sample, and it contains 261
sources. As a spectral peak in these sources is not directly detected, they are isolated
to largely provide spectral coverage below the turnover for known GPS sources.
Since the spectra of the sources are being fit across a large fractional bandwidth to
calculate αlow, any spectral index derived from a power-law model fit can be artificially
flattened if a source displays spectral curvature within the GLEAM band. This means that
sources that display a peak between 72 and 231 MHz are shifted towards the third quadrant
of Figure 5.2, and can be calculated to have a negative αlow if the curvature is significant.
An example of a negative αlow being derived for a source with significant curvature in the
GLEAM band, such that the source is not located in the second quadrant of Figure 5.2, is
provided in Figure 5.4.
The curvature model described by Equation 5.2 was also fit to the GLEAM data to test
for any evidence of spectral curvature between 72 and 231 MHz. Approximately 80% of
sources remaining at step 5 of the selection process show zero or negligible curvature in
their spectra covered by the GLEAM band, with only 20,322 sources having a reliable value
of the curvature parameter |q| > 0.2, which Duffy & Blundell (2012) class as significant
curvature. The distribution of q against αlow is presented in Figure 5.5 for sources with
∆q 6 0.2, where ∆q is the uncertainty in q. The requirement of ∆q 6 0.2 ensures the
measurement of q is reliable, and is equivalent to the signal-to-noise cut made in step 3.
Due to the impact that curvature has on calculating αlow, selecting peaked-spectrum
sources in radio colour-colour phase space is unreliable for sources that display a peak in
the GLEAM band. Hence, a source that had αlow < 0.1, which was the limit in αlow used
in radio colour-colour phase space to select peaked-spectrum sources, was also classified
as a peaked-spectrum source if a turnover was identified in the GLEAM band.
The information used to assess a spectral peak in a radio band is set by the signal-to-
noise of the bandwidth available, with the maximum amount of information to detect a
turnover transpiring when the peak occurs in the middle of the band. As a peak shifts to
the edge of the GLEAM band, the information to reliably detect it declines and is dictated
by the lever arm closest to the edge of the band. For example, a source that peaks at the
central GLEAM frequency of 151 MHz has ten spectral data points to assess whether the
peak is real, while a source that peaks at 85 MHz or 220 MHz only has two data points to
CHAPTER 5. EXTRAGALACTIC PEAKED-SPECTRUM RADIO SOURCES AT LOW
FREQUENCIES 123
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.8
0.9
1
2
3
4
5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233343-305753
Figure 5.4: Spectral energy distribution of GLEAM J233343-305753 from 72 MHz to
1.4 GHz. The red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from GLEAM,
TGSS-ADR1, MRC, SUMSS, and NVSS, respectively. The plot inset in the top-right
corner is the colour-colour diagram of Figure 5.2, with the position of GLEAM J233343-
305753 marked by a blue circle. Evidently, αlow was calculated to be negative for this
source due to the curvature in the GLEAM data. The fit of the generic curved spectral
model of Equation 5.3 to only the GLEAM, SUMSS, and NVSS flux density points is
shown by the black curve. The orange lines represent the power-law fits from which
αhigh and αlow have been derived.
make the same assessment. In particular, the reliability in identifying a peak at the edge of
the band is significantly impacted by statistical fluctuations.
Therefore, if the spectral peak of a source is measured at data point Np, which is above
the central frequency data point Nc, then a detection of a spectral turnover is considered
reliable if
∆q 6 0.2−
(
NH∑
i=Np
σ2i
)1/2
NH∑
i=Np
Si
, (5.5a)
where σi and Si are the local RMS noise and flux density in each subband i, respectively.
NH represents the highest frequency data point in the band. If Np 6 Nc then the inverse of
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Figure 5.5: The distribution of the curvature parameter q against αlow for the 96,628
sources remaining after step 5 of the selection process. Only sources with ∆q 6 0.3 are
plotted. The vertical and horizontal red dashed lines represent the median of αlow and the
cut-off used to indicate significant concave curvature q = −0.2, respectively. The colour
of the density map corresponds to the number of sources in each pixel, as set by the colour
bar in the top right-hand corner. The contour levels are at 50, 150, 450, and 850 sources.
Peak-spectrum sources that are selected in step 6 are plotted in red, with sources above
the blue line αlow = 0.1 mostly identified based on their power-law spectral properties.
Sources below this line were selected based on a spectral peak in the GLEAM band. The
rough diagonal edge of the peaked-spectrum source distribution around αlow ≈ −0.5 and
q ≈ −0.5 is due to the requirement of more significant curvature in the GLEAM band to
select lower signal-to-noise sources. The median uncertainties for q and αlow are shown at
the bottom-left corner of plot.
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the sum of the previous equation occurs
∆q 6 0.2−
(
Np∑
i=NL
σ2i
)1/2
Np∑
i=NL
Si
, (5.5b)
where NL is the lowest frequency data point in the band. The second terms of Equations
5.5a and 5.5b represent the combination of the signal-to-noise ratios in each of the sub-
bands above or below the spectral peak. The magnitude of these terms decrease as the
number of points available to assess the reliability of a turnover increases. We chose
to subtract these terms from 0.2 as the number of false detections of spectral peaks at
151 MHz is below 1% when ∆q = 0.2. This is equivalent to a signal-to-noise cut of 30 in
the wideband image. Note that the functional form of Equations 5.5a and 5.5b assumes that
the noise between the sub-bands is independent. While this is not the case for the GLEAM
data at low frequencies due to confusion, since we only test high signal-to-noise sources
for a spectral peak, the impact of confusion is minimised on the spectrum and the noise
can be approximated as Gaussian and independent (Franzen et al., 2016; Hurley-Walker
et al., 2017).
The distribution of the curvature parameter, q, against the frequency of the peak in
the GLEAM band, νp, for the sources remaining after step 5 of the selection process, is
presented in Figure 5.6. The accumulation of black data points towards low q and νp is a
function of noise, particularly in the highest sub-band in GLEAM. A concave spectrum is
considered significant if q 6 −0.2 (Duffy & Blundell, 2012).
Therefore, we select peaked-spectrum sources based on the detection of a peak in the
GLEAM band, and also separate into soft and hard samples depending on their value of
αhigh:
6d. A source is added to the low frequency soft sample if it is found with αlow < 0.1,
αhigh 6 −0.5, 72 MHz6 νp6 231 MHz, q 6 −0.2, and ∆q is less than that set by
Equations 5.5a and 5.5b. Such a sample has a size of 394.
6e. For sources to be added to the low frequency hard sample, it is required that αlow <
0.1,−0.5 < αhigh 6 0, 72 MHz6 νp6 231 MHz, q 6 −0.2, and ∆q is less than that
set by Equations 5.5a and 5.5b. Similar to the high frequency hard sample selected
in step 6b, this sample is more likely to contain variable flat-spectrum sources. There
are a total of 115 sources in this sample.
The hard and soft samples selected in this way are together referred to as the low
frequency peaked-spectrum sample to differentiate from the samples selected solely on
radio colour-colour phase space, which are referred to as the high frequency peaked-
spectrum sample. The locations of more than 95% of the low frequency peaked-spectrum
samples in radio colour-colour phase space are also displayed in Figure 5.3.
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Figure 5.6: The distribution of the curvature parameter q against the frequency of the peak
in the GLEAM band νp for the 96,628 sources remaining after step 5 of the selection
process. All sources with ∆q 6 0.3 are plotted in black to provide an indication the impact
the noise has on selecting peaked-spectrum sources. Peaked-spectrum sources selected in
step 6 are over-plotted in red, with all the sources with νp below ≈180 MHz selected on
the basis of a peak in the GLEAM band. The concentration of black points toward low νp
is due to noise within the GLEAM band. Sources above ≈180 MHz are largely identified
as peaked-spectrum from their position in radio colour-colour phase space. The horizontal
red dashed line corresponds to limit of q below which curvature in the GLEAM band was
considered significant. The median uncertainties for q and νp are plotted at the bottom-left
corner of diagram.
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The selection process also identified two known pulsars as peaked-spectrum sources,
PSR J0630-2834 and PSR J1645-0317 (Manchester et al., 2005). These two sources were
removed from the peaked-spectrum samples, and we expect the contamination of pulsars in
the total peaked-spectrum sample to be less than 1% based on the total number of pulsars
detected by the GLEAM survey (Bell et al., 2016).
Hence, a total of 1,483 extragalactic peaked-spectrum candidates were selected from
96,628 sources. Note that all of the peaked-spectrum candidates were classed as isolated
by the cross-matching routine, as detailed in Section 5.3. The spectra of a source from
each of the samples discussed in step 6 of the selection process are presented in Figure
5.7. The tables providing the characteristics for the high and low frequency peaked-
spectrum samples, and the GPS sample, in the style of the table outlined in Appendix C,
are available online from the The Astrophysical Journal. In Appendix D, the spectra for all
peaked-spectrum sources selected are plotted.
5.5.3 Sources peaking below 72 MHz
It is also possible to identify sources that peak below 72 MHz on the basis of significant
curvature in high signal-to-noise spectra. An example of a source that is beginning to turn
over, but peaks below the lowest GLEAM frequency, is shown in Figure 5.8. However,
since we do not detect a peak in the spectrum, these sources are not used in any of the
following analysis but are presented to encourage observations below 72 MHz to confirm
the spectral turnover. There are 36 sources identified with q < −0.2, a turnover below
72 MHz, and a signal-to-noise greater than 100 in the GLEAM wideband image. We apply
such a high signal-to-noise requirement to produce a reliable collection of sources that peak
below 72 MHz, rather than a complete sample. The properties of these sources are also
provided online from The Astrophysical Journal in the same format as the table presented
in Appendix C.
5.5.4 Flux density variability and blazar contamination
The reliability of proceeding studies in identifying peaked-spectrum sources using multi-
epoch survey data were significantly impacted by radio source variability (e.g. Dallacasa
et al., 2000; Snellen et al., 2002). Previously, the often single low frequency data point
used to justify a spectral peak was provided by an observation of the source when it was
in a less active phase compared to when high frequency data were taken. Hence, variable
sources in previous multi-epoch studies could masquerade as peaked-spectrum sources
even though the intrinsic spectrum of the source was flat (Tinti et al., 2005). Since GLEAM
surveyed the sky in four observing bands, with a two-minute cadence between observing
bands, our estimate of the spectral peak and the slope below a turnover is not impacted by
variability. While high-frequency studies have observed sources such as blazars varying on
hour to month time-scales, the radio sky below 1 GHz has been shown to be significantly
less variable (McGilchrist & Riley, 1990; Lazio et al., 2010; Bell et al., 2014; Rowlinson
et al., 2016).
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Figure 5.7: Example spectra for sources drawn from the five different peaked-spectrum
samples identified via the selection process. The spectra at top-left, top-right, middle-left,
middle-right, and lower-left are from the high frequency hard and soft, the low frequency
hard and soft, and the GPS sample, respectively. The spectrum at bottom-right is to
highlight a source that has αhigh = 0. The purple upward-pointing triangle, red circles,
blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1,
MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of
Equation 5.3 to only the GLEAM and SUMSS and/or NVSS flux density points is shown
by the black curve. The power-law fits from which αhigh and αlow have been derived are
shown in orange. The plot inset in the top-right corner displays the position of the source
in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure 5.8: Spectral energy distribution of GLEAM J114426-174119 from 72 MHz to
1.4 GHz. The symbols represent data from the same surveys as in Figure 5.7. While
no spectral turnover is detected between 72 MHz and 1.4 GHz, the high signal-to-noise
spectrum of GLEAM J114426-174119 allows us to derive q = −0.31± 0.03, suggesting
that a spectral turnover occurs below 72 MHz. The plot inset in the top-right corner is
the colour-colour diagram of Figure 5.2, with the position of GLEAM J114426-174119
marked by a blue circle.
It is possible variability will impact our determination of the slope above the turnover
since data from SUMSS and NVSS were utilised. However, one strength of having such
a well sampled low-frequency survey is that the defining feature of a peaked-spectrum
source, whether the source has peak or a positive spectral slope, is characterised completely
by the low frequency data. Hence, any high frequency variability will only move the
source between the hard and soft samples, ensuring the source will still be identified as a
peaked-spectrum source.
As mentioned above, blazars are known contaminants in peaked-spectrum selections
because of their variability. While our identification of a peaked-spectrum source may
not be significantly impacted by variability, the sample will contain some blazars. This
is because a peak can occur in the spectrum of a blazar if it is observed during an AGN
flare, such that a SSA component dominates the emission spectrum (Torniainen et al.,
2007), or due to a variation in the beaming angle. The two samples most likely to be
contaminated with blazars are the hard and GPS samples, since the definition of these two
samples include sources with αhigh ∼ 0. By comparing the reported nature of a source
in the literature (e.g. Massaro et al., 2015), we estimate that blazars represent ≈ 10% of
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sources in the hard and GPS samples, and < 3% of sources in the soft samples. Future high
resolution imaging, in particular with LOFAR, and low frequency multi-epoch observations
from the MWA Transient Survey (MWATS; Bell et al., in prep.) survey, and the second
year of GLEAM survey data, will isolate the sources in the samples presented that are
jet-dominated.
5.5.5 Obtaining redshifts
We obtained redshift information for the peaked-spectrum candidates selected in Sec-
tion 5.5.2 by cross-matching our sample to previous targeted optical observations of GPS,
CSS, and HFP sources (O’Dea, Baum & Stanghellini, 1991; Fanti et al., 1990; Labiano
et al., 2007; de Vries et al., 2007; Holt, Tadhunter & Morganti, 2008), radio-optical studies
that combined the large spectroscopic surveys of the Six-degree Field Galaxy Survey
(6dFGS; Jones et al., 2004, 2009) and Sloan Digital Sky Survey (SDSS; York et al., 2000)
with NVSS and SUMSS (Mauch & Sadler, 2007; Best & Heckman, 2012), targeted quasar
surveys (Hewitt & Burbidge, 1987; Osmer, Porter & Green, 1994; Drinkwater et al., 1997;
Hewett & Wild, 2010), investigations that researched the optical properties of a radio
source population that were not specifically GPS, CSS, and HFP sources (McCarthy et al.,
1996; Jackson et al., 2002; Burgess & Hunstead, 2006b; Healey et al., 2008; Mahony et al.,
2011), and the NASA/IPAC Extragalactic Database (NED; Helou et al., 1991)3.
The positions of the NVSS or SUMSS counterparts were used to make the associations
in the other catalogues. The NVSS positions were preferenced if the source had both
a NVSS and SUMSS counterpart. An association was accepted if the literature source
was within 3′′ of the radio position. Such a simple cross-matching scheme was accurate
for association since the proceeding studies have already made an association between
the optical and radio sources. We obtain 214 spectroscopic redshifts for the total peaked-
spectrum sample, which breaks down into 61, 11, 15, 23, and 104 redshifts in the high
frequency hard, high frequency soft, low frequency hard, low frequency soft, and GPS
sample, respectively. The redshift distribution for the peaked-spectrum samples is plotted
in Figure 5.9, which has a median of 0.98 and a highest redshift of 5.19. The literature
reference from which the redshift was obtained is detailed in Appendix C.
Note that while NED contains the largest number of redshifts for extragalactic sources
of any single database, it has known limitations (see e.g. Hammond, Robishaw & Gaensler,
2012). Any redshift information derived from it for a population of sources will be
inhomogeneous and incomplete. If multiple spectroscopic measurements of the redshift
were reported in NED, the most reliable measurement was selected by inspecting the
literature on the source. Additionally, we discarded any photometric redshifts and redshifts
that had the “z Quality” field flagged in NED.
3http://ned.ipac.caltech.edu/
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Figure 5.9: Redshift distribution of the 214 selected peaked-spectrum sources that have
reported spectroscopic redshifts. There are 72, 38, and 104 sources with spectroscopic
redshifts in the low and high frequency peaked-spectrum samples, and GPS sample,
respectively. The median of the distribution is 0.98, with the most distant source at a
redshift of 5.19. The total distribution of all identified peaked-spectrum sources is shown
in black, while the red, navy, and maroon distributions represent the distribution for the
high frequency, low frequency, and GPS sample, respectively.
5.6 Comparison to known GPS, CSS, and HFP sources
To test the reliability of our peaked-spectrum selection criteria, we compared our total
peaked-spectrum sample to the known GPS, CSS, and HFP sources from the literature.
Only studies that identified GPS, CSS, and HFP sources below a declination of +30◦ were
considered. This included the GPS, CSS, and HFP samples identified by Fanti et al. (1990),
O’Dea (1998), Stanghellini et al. (1998), Peck & Taylor (2000), Snellen et al. (2002), Tinti
et al. (2005), Labiano et al. (2007), Edwards & Tingay (2004), and Randall et al. (2011).
After removing any duplicates, 157 of the 216 previously known GPS, CSS, and HFP
sources that are below a declination of +30◦ have a counterpart in the GLEAM sample
from which the peaked-spectrum sources were selected, and 73 of those 157 sources are
in our peaked-spectrum samples. The other 59 sources are too faint to be in the GLEAM
extragalactic catalogue.
The 84 known GPS, CSS, and HFP sources that are not in our total peaked-spectrum
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sample, but are in the GLEAM sample used to isolate the peaked-spectrum sources, can
be sorted into three spectral categories: 36 sources show no deviation from a power-law
with a negative slope, 34 sources have flat-spectra such that αlow < 0.1 or q > −0.2 in the
GLEAM band, and 14 sources display a convex spectrum. We define a convex spectrum as
having a negative spectral index in the GLEAM band and a positive spectral index between
the end of the GLEAM band and the frequency of SUMSS/NVSS.
Illustrated in Figure 5.10 are six of the sources that have convex spectra between
72 MHz and 1.4 GHz. The convex spectrum category is likely composed of sources that
have had multiple epochs of AGN activity, with the peaked-spectrum component above
1 GHz representing recent activity in the core, while the up-turn at frequencies below the
turnover is suggestive of diffuse, older emission (Baum et al., 1990; Edwards & Tingay,
2004; Torniainen et al., 2007; Hancock et al., 2010). Therefore, the presence of optically
thin emission at low frequencies excludes these types of GPS sources from being truly
young radio sources. In these types of sources, the peaked component of the spectrum
should be interpreted as the radio source being re-started on short time scales, implying
the sources have had a long life span but intermittent activity in the nuclear region.
Sources with a peaked component and low frequency power-law, as shown in Figure
5.10, have mostly been observed at the centre of clusters (Kempner et al., 2004; Hogan
et al., 2015). While the multi-epoch activity for sources with this type of spectra is often
explained by the high duty cycle expected for cool core cluster hosted AGN (Hogan et al.,
2015), only two of our sources are located in cluster environment. For the isolated sources,
a varying acceleration rate, or the launching of unique knots in the radio jets, necessary
to produce the observed convex spectra is likely related to interactions or mergers with
nearby galaxies (e.g. Hancock et al., 2010; Tadhunter et al., 2012; Brienza et al., 2016).
Since sources with convex spectra could be helpful in understanding the duty-cycle of
peaked-spectrum sources, we identify 116 convex sources from the GLEAM sample using
the criteria αlow < −0.1 and αhigh > 0.1. These source are located in fourth quadrant of
Figure 5.2. Since surveys with frequencies above that of NVSS and SUMSS are required
to confirm a turnover in these convex sources, where variability can be significant, we do
not use the convex spectrum sources in any further analysis. A list of the convex spectrum
sources, presented in a form similar to the table in Appendix C, is available online from
The Astrophysical Journal. We note that high-resolution imaging at low frequencies will
be needed to measure the size of the low frequency component and establish the activity
time scales.
On the basis that all of the previously known GPS, CSS, and HFP sources are either
in our peaked-spectrum sample, or have spectral characteristics that ensure they do not
display a spectral turnover between 72 MHz and 843 MHz / 1.4 GHz, demonstrates that the
selection criteria outlined in Section 5.5 is reliable. This also implies we have identified
1,410 new peaked-spectrum candidates, representing more than a factor of six increase in
the number of known peaked-spectrum sources below a declination of +30◦, and doubling
the number of known peaked-spectrum sources in the entire sky. Additionally for ≈ 95%
of the peaked-spectrum sources identified the peak is newly characterised.
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Figure 5.10: Spectra of six known GPS sources, from 72 MHz to 20 GHz, that have a
convex pattern between 72 MHz and 1.4 GHz. The symbols represent data from the same
surveys as in Figure 5.7, with the dark green diamonds and yellow hexagons depicting
data from the AT20G and TXS surveys, respectively. The black curve represents the fit
of the generic curved spectral model of Equation 5.3 with an addition of a low frequency
power-law. The blue circle in the inset plot highlights the position of each source in the
colour-colour diagram of Figure 5.2.
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5.7 Comparison to ultra-steep-spectrum source samples
Ultra-steep-spectrum (USS) sources, defined as compact radio sources with α < −1, have
been the focus of searches for high-redshift radio AGN (e.g. Jarvis et al., 2001; De Breuck
et al., 2006; Klamer et al., 2006; Bryant et al., 2009). Based on the study of the GPS source
PKS B0008-421, which was classed as a USS source until observations were conducted
below 600 MHz, Callingham et al. (2015) hypothesised that the GLEAM survey should
find that a portion of the USS population is composed of GPS, CSS, and HFP sources that
have ceased nuclear activity and entered a relic phase. They argued that PKS B0008-421
had a steep optically thin slope because it had steepened by −0.5, as expected from the
ageing of electrons in the continuous injection model of Kardashev (1962), but that the
discontinuous transition in the spectrum was not observed because the break frequency had
moved to lower frequencies than the spectral turnover. Such a transition could help explain
why Klamer et al. (2006) did not find any steepening in the spectra of USS sources above
1 GHz. Additionally, if the injection of electrons has ceased in a peaked-spectrum source,
strong adiabatic cooling should quickly shift the peak frequency outside the gigahertz-
regime (Orienti & Dallacasa, 2008), ensuring a USS source identified above 1 GHz would
not be classed as peaked-spectrum source without low frequency observations.
Since the GLEAM survey has observed the sky with a large fractional bandwidth
at low frequencies, we can test if known USS samples selected at high frequencies are
significantly composed of sources that display spectral turnovers below 300 MHz. We
cross-matched our peaked-spectrum samples with the southern USS catalogues of: De
Breuck et al. (2002), which selected USS sources between 325 MHz and 1.4 GHz, and
Broderick et al. (2007), which selected sources between 408 and 843 MHz. We find that
eight and five sources from De Breuck et al. (2002) and Broderick et al. (2007) show
turnovers at or below 300 MHz, respectively. In comparison, 113 of the 154 USS sources
from De Breuck et al. (2002) and 213 of the 239 USS sources from Broderick et al. (2007)
are in the GLEAM sample used to select the peaked-spectrum samples. Of the 13 USS
sources in which we detect a spectral peak, two have reported spectroscopic redshifts at
2.204 and 5.19 (Bryant et al., 2009; van Breugel et al., 1999). The peaked-spectrum of
the USS source TN J0924-2201, located at a redshift of 5.19 (van Breugel et al., 1999), is
shown in Figure 5.11.
Follow up observations of the USS sources with a spectral turnover, ideally with the
wideband backends on the ATCA and the JVLA, are required to confirm whether these
sources display high frequency exponential breaks indicative of sources that have ceased
nuclear activity (Jaffe & Perola, 1973; Murgia, 2003), as per PKS B0008-421.
Alternatively, if these USS sources with low turnover frequencies are actively fuelling
their AGN and the ‘youth’ scenario of peaked-spectrum sources is correct, the turnover in
their spectra could have shifted to low-frequencies because they are located at high redshift
(Falcke, Ko¨rding & Nagar, 2004; Coppejans et al., 2015). The idea that these sources
are located at high redshift is supported if the steep optically-thin slope is a product of
the sources being found in environments similar to the centre of local, rich clusters. This
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Figure 5.11: Spectrum of the USS source TN J0924-2201, which is located at z = 5.19
(van Breugel et al., 1999). The symbols represent the data from the same surveys detailed
in Figure 5.7. The spectral turnover occurs at νp = 160 ± 30 MHz.
is because it is possible that the high environmental densities in the early Universe both
constrained the evolution of the radio jets (Bicknell, Dopita & O’Dea, 1997) and steepened
the optically thin spectrum through first-order Fermi acceleration processes from slowed
hot-spot advancement (Athreya & Kapahi, 1998; Klamer et al., 2006). Since extremely
steep-spectrum radio galaxies and GPS/HFP sources are found to reside at the centres of
rich clusters in the local universe, with greater than 8.5% of all radio sources located at the
centre of cool-core clusters having a peaked-spectrum (Reuland et al., 2003; Klamer et al.,
2006; Hogan et al., 2015), having both a low frequency turnover and steep spectral slope
above the turnover could be excellent priors in searching for high redshift galaxies. This
will be explored in greater detail in Section 5.8.
While Blundell, Rawlings & Willott (1999) posited that the correlation between redshift
and steep optically thin spectral indices was a product of radio luminosity and Malmquist
bias, adding the requirement of a turnover breaks the degeneracy of the evolution of radio
luminosity and different survey flux density limits. Therefore, provided USS sources
with low frequency turnovers are young radio AGN, they represent excellent high redshift
candidates.
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Table 5.2: A summary of the median spectral properties of the peaked-spectrum sample
presented in this study, and of the samples identified by O’Dea (1998) and Snellen et al.
(1998). The spread in the values quoted represents the difference between the median and
the 16th or 84th percentiles in the distributions. The parameters listed for this study are
for the total high and low frequency peaked-spectrum samples, except for αthick, which
is only for the high frequency peaked-spectrum sample. The selection frequency for the
peaked-spectrum sample studied by O’Dea (1998) is listed as inhomogeneous because the
sample was assembled from different literature sources, such as Stanghellini et al. (1998)
and Fanti et al. (1990).
Parameters This study O’Dea (1998) Snellen et al. (1998)
Selection frequency (MHz) 72− 1400 Inhomogeneous 325− 5000
Faintest peak flux density (Jy) 0.16 0.3 0.04
Number of sources 1483 69 47
αthin −0.77+0.31−0.38 −0.75± 0.15 −0.77± 0.15
αthick 0.88
+0.71
−0.49 0.56± 0.20 0.80± 0.18
Observed νp (MHz) 190+190−90 750
+1200
−250 1500
+700
−500
z 0.98 0.84 1.01
Intrinsic νp (MHz) 440+560−250 850
+2500
−100 2840
+1900
−860
P5 GHz (log10 W Hz
−1) 26.5+0.7−1.2 27.6
+0.7
−1.0 26.2
+0.5
−0.4
5.8 Spectral properties of the peaked-spectrum sample
Since we have derived a unique peaked-spectrum sample by exploiting a wide band low
frequency survey, we have an opportunity to use a new sample to extend on previous work
in understanding the physical properties of peaked-spectrum sources. It is also important to
compare the spectral properties of this sample with archetypal peaked-spectrum samples,
such as those presented by O’Dea (1998) and Snellen et al. (1998), to test whether the
spectral properties of known GPS, CSS, and HFP sources are consistent with the newly
characterised peaked-spectrum sources, and to understand the biases in our selection
method. A summary of the comparison of the total peaked-spectrum sample with the
samples studied by O’Dea (1998) and Snellen et al. (1998) is presented in Table 5.2.
The observed distribution of the peak frequency and flux density for our peaked-
spectrum samples, with the different samples identified by their colours, is presented in
Figure 5.12. Clearly, the selection criteria employed are a function of both peak frequency
and flux density, with no sources detected with a peak frequency below 72 MHz or above
1.4 GHz, or below the flux density cut made at 0.16 Jy. Few sources are detected with
peak flux densities below 0.3 Jy beneath 100 MHz or above 600 MHz since the detection
of a peak at the edge of the observed band is reliant on high signal-to-noise statistics. As
expected from the definition of the different samples, the high frequency soft sample has
the highest frequency peaks, with the transition between sources being selected based
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on radio colour-colour phase space and a peak in the GLEAM band occurring around
≈ 180 MHz. Additionally, the continuity of the distribution of parameters in Figure 5.12
demonstrates that the cut using αhigh to separate the hard and soft population is arbitrary.
As is evident from the distribution of peaked-spectrum sources in 5.12, the obvious
biases introduced by the selection criteria in the flux density and frequency are eliminated
above peak flux densities of 1 Jy. Therefore, we infer the peaked-spectrum samples to be
reasonably complete above 1 Jy, allowing a comparison of the number of peaked-spectrum
sources that comprise the GLEAM sample. From the high and low frequency peaked-
spectrum samples, there are a total of 505 sources that have a peak flux density at or above
1 Jy, compared to 11,400 sources from the sample from which these peaked-spectrum were
drawn. Therefore, approximately 4.5% of the radio population in the GLEAM extragalactic
catalogue are identified as peaked-spectrum sources. This is significantly less than the
canonical 10% of GPS sources occupying the total number of radio source population for
surveys completed around or above 1 GHz (O’Dea, 1998), implying that either the number
of peaked-spectrum sources declines with decreasing frequencies or the number of sources
that follow a power-law increases.
The histogram on the right of Figure 5.12 demonstrates that the proportion of peaked-
spectrum sources to the total radio source population changes slightly with flux density.
For example, a 4 Jy peak flux density cut implies that 6.5% of the radio source population
is composed of peaked-spectrum sources. Additionally, the fraction of peaked-spectrum
sources will increase with survey frequency due to the different spectral index of two
populations selected to be peaked at different frequencies. Such a change in frequency
and luminosity is expected from the Snellen et al. (2000) evolutionary model of peaked-
spectrum sources. The frequency dependency of the source counts will be the focus of a
future study.
To understand the variation in the spectral shape of the selected peaked-spectrum
sources, the spectra normalised by the peak frequency and flux density, as described by the
general curved spectral model of Equation 5.3, for our high frequency peaked-spectrum
sample is shown in Figure 5.13. The median spectrum of our high frequency sample,
and the GPS and CSS samples presented by Snellen et al. (1998) and O’Dea (1998), are
over-plotted. The median spectrum of the high frequency peaked-spectrum sample is
almost identical to that derived by Snellen et al. (1998) but shallower than the median
spectrum identified by O’Dea (1998).
The distributions of αthin and αthick, as derived from fitting Equation 5.3, are presented
in Figure 5.14. The distributions of αthin and αthick are more accurate and useful in under-
standing the properties of the peaked-spectrum samples than that of αlow and αhigh since
αthin and αthick are not artificially flattened or steepened by the presence of curvature in the
spectrum, as evident in the spectra illustrated in Figure 5.7. Note that only peaked-spectrum
sources that had a reduced χ2 < 3 were used in the following analysis, discarding ≈ 3%
of the sample. Since the spectra in the low frequency peaked-spectrum samples are not
completely sampled below the turnover, only the distribution for the total high frequency
sample is presented for αthick. The distribution for the total peaked-spectrum sample is
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Figure 5.12: The distribution of the spectral turnover frequency and the peak flux density
for the GLEAM sources in which a spectral turnover is detected. The colours represent the
different peaked-spectrum samples, as communicated by the legend. The red-dashed line
represents the peak flux density in which the total peaked-spectrum sample is complete,
which corresponds to ≈ 1 Jy. The histogram on the right represents the distribution of peak
flux densities above 1 Jy.
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Figure 5.13: The spectra of the high frequency soft and hard peaked-spectrum samples,
as fit by Equation 5.3, normalised by the peak flux density and frequency. The dashed
red line represents the median spectra for the sample, with median thick and thin spectral
indices of 0.88+0.71−0.49 and −0.77+0.31−0.38, respectively. The solid blue and orange lines are the
median values of the GPS samples presented by Snellen et al. (1998) and O’Dea (1998),
respectively.
presented for αthin because the high frequency spectral slope is completely sampled for
most of the sources. The median value and the range to the 16th and 84th percentiles of
the optically thick and thin spectral index distributions for the peaked-spectrum sample
are 0.88+0.71−0.49 and −0.77+0.31−0.38, respectively. In comparison, Snellen et al. (1998) and O’Dea
(1998) report median values of the optically thick spectral indices of 0.80 ± 0.18 and
0.56± 0.20, and optically thin spectral indices of −0.75± 0.15 and −0.77± 0.15, respec-
tively. The comparison of these values for the different samples are presented succinctly in
Table 5.2.
The large dispersion in the optically thin and thick spectral indices is a product of
our selection process being sensitive to the type of peaked-spectrum sources identified
previously and to both a spectrally flatter and steeper population than proceeding studies.
NVSS and SUMSS are over two orders of magnitude more sensitive than the GLEAM
survey, and the GLEAM survey observed sources with a wide fractional bandwidth, imply-
ing that we can select peaked-spectrum sources that are extremely inverted or relatively
flat when compared to the peaked-spectrum sources identified by Snellen et al. (1998)
and O’Dea (1998). While Snellen et al. (1998) estimated that their survey missed ∼ 10%
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Figure 5.14: Upper panel: The spectral index distribution of αthin. The distribution for the
total, high frequency, and low frequency peaked-spectrum samples are shown in black,
red, and navy, respectively. The median for the total peaked-spectrum sample is plotted
as a black dashed line at αthin = −0.77. The medians for the low and high frequency
sample are presented as red and navy dashed lines, respectively, at approximately the same
value as the median for the total sample. Lower panel: The spectral index distribution
of αthick. The black, green, and blue histograms represent the distribution of αthick for
the total high frequency, hard high frequency, and soft high frequency peaked-spectrum
sample, respectively. The dashed black line illustrates the median αthick = −0.88 for the
total high frequency sample.
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of peaked-spectrum sources that had steep optically thick spectra (αthick > 1), the large
dispersion of the optically thick spectral index of our high frequency peaked-spectrum
samples suggests the number of sources missed could be as high as 20%.
In particular, the wide spread in optically thick spectral indices is strongly indicative
that the turnover in the spectrum is caused by an inhomogeneous environment that differs
from source to source (de Vries, Barthel & O’Dea, 1997), independent of whether the
absorption is a product of ionised clouds of plasma acting as a screen or many synchrotron
self-absorbed components.
5.8.1 Observed spectral turnover frequency relationships
The distribution of the observed turnover frequencies for the low and high frequency
peaked-spectrum samples are presented in the left panel of Figure 5.15, with the median
plotted at 190 MHz. The distribution of the observed turnover frequencies is a function
of the selection criteria, since a peaked-spectrum source in this study is either identified
by a spectral peak in the GLEAM band or by two power-law slopes that traced a concave
curvature. The transition between the two selection methods is evident by the slight
increase in the number of peaked-spectrum sources identified above peak frequencies of
≈ 180 MHz, corresponding to the small increase in sensitivity when using radio colour-
colour phase space to assess whether a source is peaked. Somewhat surprisingly, there is a
monotonic decline in turnover frequencies between 180 and 500 MHz, where the sensitivity
of the selection method is uniform. Above 500 MHz, the decline in the number of peaked-
spectrum sources identified is a function of the decreasing frequency coverage above the
turnover. Additionally, the flattening of the number of sources at ≈ 100 MHz is also due
to the selection criteria, implying the distribution will likely continue to monotonically
increase at frequencies below 100 MHz.
To minimise the impact biases introduced by the selection criteria, the distribution of
observed turnover frequencies for the sources with peak flux densities greater than 1 Jy is
also plotted in red in Figure 5.15. The rise in the number of sources towards low turnover
frequencies is still evident, suggesting a frequency evolution of the sources. It is also
possible that the decline of sources towards higher turnover frequencies could be due to the
interplay between the number of sources observed as a function of size and physical size
being inversely proportional to turnover frequency in SSA sources. Such a explanation
implies that there are many more unresolved radio sources with linear sizes greater than
≈ 1 kpc than with linear sizes than less than ≈ 1 kpc at low radio frequencies. The decline
of the number of peaked-spectrum sources with increasing turnover frequency will be
discussed in more detail in Section 5.8.3.
How the distribution of the observed turnover frequencies varies with the optically
thin and thick spectral indices is shown in Figure 5.16. The concentration of sources at
values of αthin < −1 and αthin≈−0.1 at higher turnover frequencies is also a product of
the selection method because either a turnover will be correctly detected at frequencies
greater than 500 MHz if the optically thin spectrum is steep (i.e. αthin< −1), or the
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Figure 5.15: Distributions of the observed spectral turnover frequency for the low and high
frequency peaked-spectrum samples, and for the peaked-spectrum sources in those samples
with peak flux densities greater than 1 Jy, shown in black and red, respectively. The median
of the observed turnover frequency for the total low and high frequency peaked-spectrum
samples is plotted by a dashed black line at 190 MHz. The median for the sources with
peak flux densities greater than 1 Jy is shown by the dashed red line at 130 MHz. The
linear bin sizes are 20 MHz.
NVSS/SUMSS point is sampling the spectrum near the turnover, causing the calculation of
αthin to be artificially flattened. Additionally, the optically thick spectral index shows no
dependence with observed turnover frequency, as evident in the right panel of Figure 5.16.
5.8.2 Intrinsic spectral turnover frequency relationships
Since the observed turnover frequency is convolved with source evolution and redshift, we
repeat the same analysis presented in the previous section with the 110 sources in the high
and low frequency peaked-spectrum samples that have reported spectroscopic redshifts.
We find no trend with the observed turnover frequency with redshift, as evident in Figure
5.17. While de Vries, Barthel & O’Dea (1997) noted that GPS sources with spectral peaks
above 5 GHz could be found preferentially at high redshift, our sample is not sensitive to
these high frequency sources. The lack of a trend in turnover frequency with redshift, but
with a wide spread in redshift, is consistent with the hypothesis that sources with observed
turnover frequencies below 500 MHz are composed of high redshift GPS-like sources and
CHAPTER 5. EXTRAGALACTIC PEAKED-SPECTRUM RADIO SOURCES AT LOW
FREQUENCIES 143
100 200 300 400 500 600 700
Turnover frequency (MHz)
−2.5
−2.0
−1.5
−1.0
−0.5
0.0
α
th
in
100 200 300 400 500 600 700
Turnover frequency (MHz)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
α
th
ic
k
Figure 5.16: The variation of the spectral turnover frequency with αthin (upper panel), for
the high and low frequency peaked-spectrum source samples, and αthick (lower panel),
for the high frequency peaked-spectrum source sample. While there is a trend of higher
turnover frequency having steeper αthin, this is a product of the selection method. αthick
has no dependence on the turnover frequency, consistent with αthick being a product of the
individual environments. The median uncertainties of the values are located in the bottom
left and top right corner of the plots.
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Figure 5.17: The variation of redshift with the observed frequency of the spectral turnover
for the 110 peaked-spectrum sources with reported spectroscopic redshifts and detected
spectral turnovers. The random spread is consistent with the sample population being
composed of both low redshift CSS sources and high redshift GPS sources. The median
uncertainty of 20 MHz in the observed turnover frequency is shown in the top left of the
plot.
local CSS-like sources (Coppejans et al., 2016). Higher resolution low frequency imaging
to measure the linear sizes of the sources is necessary to decouple the low redshift CSS-like
population and high redshift GPS-like population. This will be the focus of a follow-up
study. Additionally, the dearth of peaked-spectrum sources at redshifts less than 0.1 is
consistent with the luminosity function of GPS and CSS sources being flatter than that of
large-size radio sources (Snellen et al., 2000; Mauch & Sadler, 2007; Best & Heckman,
2012).
The distribution of the rest frame turnover frequencies for the low and high frequency
peaked-spectrum samples is presented in Figure 5.18, and compared to the distributions
presented by O’Dea (1998) and Snellen et al. (1998). Note that the sample presented by
O’Dea (1998) is largely composed of the GPS sources studied by Stanghellini et al. (1998)
and of the CSS sources identified by Fanti et al. (1990). The peaked-spectrum sample
has a median rest frame turnover frequency of 440+560−250 MHz, compared to 850
+2500
−100 and
2840+1900−860 MHz, for the samples identified by O’Dea (1998) and Snellen et al. (1998), re-
spectively. Our sample has a surplus of sources with intrinsic turnover frequencies between
≈ 150 and 500 MHz, compared to the other two peaked-spectrum samples, consistent with
CHAPTER 5. EXTRAGALACTIC PEAKED-SPECTRUM RADIO SOURCES AT LOW
FREQUENCIES 145
500 1000 1500 2000
Rest frame turnover frequency (MHz)
0
5
10
15
20
25
30
35
N
u
m
b
er
of
so
u
rc
es
High and low freq.
O’Dea (1998)
Snellen et al. (1998)
Figure 5.18: The distribution the rest frame turnover frequency for the 110 sources from
the low and high frequency peaked-spectrum samples that have reported spectroscopic
redshifts, shown in black. The dark orange histogram represents the rest frame turnover
frequency distribution of the GPS and CSS of the O’Dea (1998) sample, which is mostly
composed of the GPS and CSS sources identified by Stanghellini et al. (1998) and Fanti
et al. (1990), respectively. In particular, the low frequency bin is dominated by the Fanti
et al. (1990) CSS source sample. The blue histogram represents the distribution of the
sample of peaked-spectrum sources identified by Snellen et al. (1998). Note that the highest
rest frame turnover frequency for a source in our high and low frequency peaked-spectrum
samples is≈ 2000 MHz, while the rest frame turnover frequency distribution of the sources
presented by O’Dea (1998) and Snellen et al. (1998) extend beyond 2000 MHz.
the observing frequencies of the surveys used to compose our sample.
As suggested in Section 5.7, sources that have an optically thin spectral index < −1
and observed turnovers below 300 MHz could be preferentially found at high redshifts. To
test this hypothesis, the left panel of Figure 5.19 shows how αthinvaries with the observed
turnover frequency, coloured by the redshift of the source. All sources with a turnover
frequency less than 250 MHz and αthin < −1.2 are located at z > 2. However, there is
significant amount of scatter in the dependence and a targeted optical follow-up campaign
for the entire peaked-spectrum sample is required to make a conclusive statement. Note
that the right panel of Figure 5.19 shows no dependence of turnover frequency and the
optically thick spectral index with redshift, consistent with the spectral turnover being a
product of the individual environment of each source.
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Figure 5.19: Observed turnover frequency against αthin (upper panel) for both the high and
low frequency peaked-spectrum samples, and αthick (lower panel) for the high frequency
peaked-spectrum sample, that have reported spectroscopic redshifts. The colour of each
point corresponds to the redshift of the source. The median uncertainties for the various
parameters are plotted in the corner of the diagrams.
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The relationships between the observed spectral indices with redshift are provided in
Figure 5.20. As shown by other authors (e.g. Roettgering et al., 1997), there is a slight trend
of steeper optically thin slopes with higher redshift. The steepening of the optically thin
spectral index has been variously explained to be due to increasing importance of inverse
Compton losses off the cosmic microwave background photons in the early Universe or
due to first order Fermi accelerations in the hotspots when encountering a dense medium
(Klamer et al., 2006). It is also evident in the right panel of Figure 5.20 that there is no
dependence of αthick with redshift, further indicative that the slope of the optically thick
spectral index is dependent on the individual physics of a source.
5.8.3 5 GHz radio power relationships
We used the 110 sources from the high and low frequency peaked-spectrum samples that
have spectroscopic redshifts to investigate the distribution of the 5 GHz luminosity and
its dependence on redshift. The comparison frequency of 5 GHz was chosen because past
literature samples of GPS and CSS sources, such as those of O’Dea (1998) and Snellen
et al. (1998), had their radio luminosities evaluated at 5 GHz. The 5 GHz radio luminosities
P5 GHz was calculated as
P5 GHz = 4piD
2
LS5 GHz(1 + z)
−(1+αthin), (5.6)
where DL is the luminosity distance in the adopted cosmological model, S5 GHz is the flux
density of the source at 5 GHz, and the term (1 + z)−(1+αthin) is the k-correction used in
radio astronomy. S5 GHz was evaluated by assuming the fit of Equation 5.3, in particular
αthin derived from that fit, is an accurate description of a peaked-spectrum source’s
spectrum to 5 GHz. Note that it is possible that the spectrum of a source could deviate from
the power-law description identified between the peak frequency and 843 MHz / 1.4 GHz
by 5 GHz, either due to a high frequency spectral break or because the emission from the
radio core begins to exceed the radio lobe emission. However, such deviations are not
expected to be significant until frequencies greater than 5 GHz (Chhetri et al., 2012).
The distribution of the 5 GHz radio power for the high and low frequency peaked-
spectrum samples, and how it varies with redshift, is provided in Figure 5.21 and Figure
5.22, respectively. The sample presented by Snellen et al. (1998), as shown by the
blue histogram and squares, has sources with similar 5 GHz radio luminosities as the
peaked-spectrum samples presented in this study. However, our low and high frequency
peaked-spectrum sample span a wider range in luminosity than the sample identified by
Snellen et al. (1998). Additionally, our low frequency peaked-spectrum sample contains
the weakest peaked-spectrum source ever identified with P5 GHz = 6.3× 1022 W Hz−1.
When compared to the GPS and CSS sample presented by O’Dea (1998), as shown by
the orange histogram and triangles in Figures 5.21 and 5.22, the peaked-spectrum sources
identified in this study are on average an order of magnitude fainter at 5 GHz, and there are
no peaked-spectrum sources in the high or low frequency samples that exceed a 5 GHz
power of 1 × 1028 W Hz−1. The selection criteria employed in this study do not bias
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Figure 5.20: The variation of redshift with αthin (upper panel), for the high and low
frequency peaked-spectrum samples, and αthick (lower panel), for the high frequency
peaked-spectrum sample. The median uncertainty for the respective spectral index is
plotted in the top right corner of the diagrams.
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Figure 5.21: Distribution of the 5 GHz radio power for the 110 sources from the low and
high frequency peaked-spectrum samples that have reported spectroscopic redshifts is
shown in black. The orange and blue histograms represent the 5 GHz power distribution
of the O’Dea (1998) sample and Snellen et al. (1998) sample, respectively. The median
P5 GHz values, and the range to the 16th and 84th percentiles of the distribution, for samples
identified by O’Dea (1998), Snellen et al. (1998), and this study, are 27.6+0.7−1.0, 26.2
+0.5
−0.4,
and 26.5+0.7−1.2 (log10 W Hz
−1), respectively. The median values are plotted as dashed lines
in each respective sample’s colour.
against selecting sources at P5 GHz > 1028 W Hz−1. Therefore, the low and high frequency
peaked-spectrum samples lack the similar highly luminous sources found in the O’Dea
(1998) sample because of evolutionary or redshift effects, or some combination of both.
It is expected from various evolutionary models of CSS and GPS sources (e.g. Snellen
et al., 2000; Kunert-Bajraszewska et al., 2010) that the luminosity of a source declines with
increasing linear size, which also corresponds to a shift of the intrinsic turnover frequency
to lower frequencies. The dependence of the 5 GHz luminosity for the low and high
frequency peaked-spectrum samples on rest frame turnover frequency, also including the
samples presented by Snellen et al. (1998) and O’Dea (1998), is presented in Figure 5.23.
Note that the general shape of the distribution, with no sources with low power and high
rest frame turnover in the high or low frequency peaked-spectrum samples, is a product of
redshift evolution of the flux density limit and also results from the selection process which
is only sensitive to peaked-spectrum sources that display an observed spectral turnover
between 72 and ≈ 800 MHz. Such redshift evolution of the flux density and turnover
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Figure 5.22: 5 GHz radio power against redshift for the 110 sources from the low and
high frequency peaked-spectrum samples that have reported spectroscopic redshifts. The
sources from the high and low frequency samples are shown as red and navy circles,
respectively. The orange triangles and light blue squares represent the GPS and CSS
sources from the O’Dea (1998) and Snellen et al. (1998) samples, respectively. The black
line corresponds to the 5 GHz luminosity limit for a source that has a peak flux density of
0.16 Jy at 230 MHz, approximately the flux density cut employed in the selection process,
assuming the median optically thin spectral index of −0.77.
frequency limits is communicated by the coloured curves in Figure 5.23.
It is promising that there are a number of sources from the low and high frequency
peaked-spectrum samples that have P5 GHz < 1025 W Hz−1 and rest frame turnover fre-
quencies less than 1 GHz, consistent with the evolutionary path of a self-similar evolving,
ram pressure confined radio source (Kaiser & Alexander, 1997; Snellen et al., 2000).
However, there is a large number of peaked-spectrum sources that have P5 GHz > 1026
W Hz−1 and rest frame turnover frequencies less than 1 GHz, which is inconsistent with
this evolutionary model for peaked-spectrum sources. It is possible the high power, low
intrinsic turnover sources could be confined to small spatial scales due to a dense ambient
medium, or they could be jet-dominated sources, as opposed to the sources at lower power
being lobe-dominated. Future studies are required to test if the optical hosts of these high
power, low intrinsic turnover sources are quasars or if their linear sizes are small for the
respective turnover frequency, as expected from SSA theory.
It is also possible that the surplus of sources with high power and low intrinsic turnover
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Figure 5.23: The variation of the 5 GHz radio power with the rest frame turnover frequency
for the high and low frequency peaked-spectrum samples, shown by red and navy circles,
respectively. The orange triangles and blue squares represent the GPS and CSS sources
from the O’Dea (1998) and Snellen et al. (1998) samples, respectively. The coloured curves
are the limit in which peaked-spectrum sources at various redshifts will be identified in this
study, assuming the minimum peak flux density of 0.16 Jy, since the selection process is
only sensitive to turnovers between 72 and ≈ 800 MHz. The colour bar corresponds to the
redshift at which the limit is evaluated, with each curve from bottom to top corresponding
to redshifts 0.05, 0.1, 0.2, 0.5, 1, 2, and 5. Note that a number of sources from the O’Dea
(1998) and Snellen et al. (1998) samples extend to rest frame frequencies above 5000 MHz.
frequency could be the product of the method of assembling the redshift information of
the peaked-spectrum sources from inhomogeneous literature sources, each with varying
degrees of completeness. To confirm the trend of lower power with lower intrinsic turnover
frequencies, it is vital to repeat this analysis using a spectroscopic redshift survey with
known completeness, such as 6dFGS and SDSS, and to then produce a local luminosity
function.
5.9 Extreme spectra
As is evident from the right panel of Figure 5.14, there are approximately fifteen sources
that have a reliable optically thick spectral index near or above the theoretical SSA limit of
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2.5 (Pacholczyk, 1970). The spectra for six of the brightest sources that have an optically
thick spectral index near or exceeding 2.5 are shown in Figure 5.24, with the fit of the
general curved model, SSA, and homogeneous FFA model shown in black, purple, and
red, respectively.
The values of αthick and the peak frequency νp from Equation 5.3 for the six sources
are provided in Table 5.3. Due to the steepness of the spectral index below the turnover,
we also fit the homogeneous FFA model of Equation 5.4 since it provides exponential
attenuation at low frequencies, and a SSA model by forcing αthick = 2.5 in Equation 5.3.
The reduced χ2-value for the model fits are also provided in Table 5.3. While the SSA
model provides similar fitting statistics, the FFA model is statistically favoured over the
SSA model for all the sources, excluding GLEAM J100256-354157. None of these sources
have been previously identified as peaked-spectrum sources and most lack optical or higher
radio frequency counterparts.
If these peaked-spectrum sources are confirmed to have similar physical morphologies
as the HFP, GPS and CSS sources which are characterised as young, such as core-lobe
structures on milliarcsecond scales, the spectra presented in Figure 5.24 could be the first
conclusive evidence of FFA acting in previously identified young sources. Such a detection
of FFA absorption would unambiguously imply that at least a portion of the HFP, GPS and
CSS population is confined to small spatial scales due to a dense ambient nuclear medium.
Alternatively, these sources could be jet-dominated, with the FFA absorption occurring
as the radio emission from the jet passes through a dense circumnuclear medium. Such a
dense circumnuclear medium, possibly associated with the broad line region (Lobanov,
1998), has been suggested to exist in Centaurus A (Jones et al., 1996), Cygnus A (Krich-
baum et al., 1998; Tingay & Murphy, 2001), and 3C 84 (Walker, Romney & Benson,
1994), because the counter-jets in these sources are significantly fainter than the forward
jet or not observed at all. The only source that has a AT20G and optical counterpart,
GLEAM J144815-162024, is associated with a quasar (Mahony et al., 2011) and has a
linear size less than 0.5 kpc based on its 6 km 20 GHz visibilities (Chhetri et al., 2013). Jet-
dominated sources have been shown to display low-frequency variability on time-scales of
several months (Bell et al., 2014), so it is vital to assess if these sources are variable before
fitting multi-epoch data since the trends induced by variability may dominate physical
relationships.
Finally, it is possible that such spectra are the product of an extreme scattering event
(ESE), since ESEs haven been shown to produce irregular spectra and steep spectral
slopes (e.g. Bannister et al., 2016). An ESE is likely due to the propagation of a compact
source’s radio emission through dense plasma lenses in the Galaxy (Fiedler et al., 1994).
The densities required to produce such extreme lensing are inconsistent with our current
understanding of gas conditions in the Milky Way. In particular, GLEAM J100256-354157
is more likely a potential ESE, over the other sources presented in Figure 5.24, as the
spectrum is even inconsistent with FFA absorption. However, the spectral properties of
ESEs at low frequencies are unknown, with limited variability seen below 1 GHz (Bannister
et al., 2016). The low frequencies provided by the GLEAM survey could place the most
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Table 5.3: A list of the parameters derived from the spectral fits of the general curved
model, SSA, and FFA models to the specra presented in Figure 5.24. The parameters
listed in the table are: the optically thick spectral index αthick from the fit of Equation 5.3,
spectral turnover frequency νp from the fit of Equation 5.3, and the reduced χ2-value of
the model fit for FFA and SSA χ2red,FFA and χ
2
red,SSA, respectively.
GLEAM name αthick νp (MHz) χ2red,SSA χ
2
red,FFA
J001513-472706 3.7± 1.1 240± 20 1.31 1.24
J074211-673309 4.1± 0.9 160± 30 1.06 0.81
J100256-354157 5.0± 1.7 110± 40 5.40 4.52
J144815-162024 2.6± 0.2 160± 10 1.10 0.80
J211949-343936 2.5± 0.3 150± 20 1.29 1.25
J213024-434819 3.2± 0.6 220± 30 0.80 0.70
stringent constraints on the density of the inter-stellar medium if a source is shown to be
experiencing an ESE.
During the first year of the GLEAM survey, many sources were observed on multiple
occasions due to the wide field of view of the MWA and the highly degenerate observing
strategy. This allows us to put constraints on the variability of some of these sources below
231 MHz. GLEAM J001513-472706, GLEAM J074211-673309, and GLEAM J144815-
162024 were observed by the MWA twice three-months apart, and GLEAM J211949-
343936, GLEAM J213024-434819 were observed twice nine-months apart. There is no
evidence of variability in the low frequency spectra for any of the sources. Unfortunately,
the best ESE candidate GLEAM J100256-354157, was only observed once during the
GLEAM survey.
Independent of the nature of these sources, they represent excellent candidates for
targeted follow-up to observe intrinsic H I absorption due to the inference of a dense
ambient medium from the spectrum. To assess the nature of these sources, low frequency
monitoring to constrain any variability, and high resolution observations with LOFAR or
the GMRT, are necessary. We note that the optically thick slope is completely determined
from the contemporaneous GLEAM data, so the extreme spectral slope can not be due to
variability. In particular, observations with the ATCA or JVLA above the turnover will
be important to ensure the spectral width is properly sampled, providing an additional
parameter for model differentiation, as shown in Chapter 2, and confirmation of the extreme
spectral slope.
5.10 Conclusions
In this study, we identify 1,483 peaked-spectrum sources that display a spectral turnover
between 72 MHz and 1.4 GHz, representing ≈ 4.5% of the GLEAM radio source popula-
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Figure 5.24: The spectra of six extreme peaked-spectrum sources that have αthick & 2.5.
The symbols represent the same survey data as in Figure 5.7. The black, purple, and
red curves represent the fit of the general curved model described by Equation 5.3, ho-
mogeneous SSA, and the single homogeneous FFA model of Equation 5.4, respectively.
In all cases the FFA model is the statistically favoured model. Note that the plot for
GLEAM J144815-162024 extends to 20 GHz since it has AT20G measurements repre-
sented by the green diamonds. The inset plot located in the top-right corner of each plot
displays the position of the source in the colour-colour diagram of Figure 5.2 by a blue
circle.
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tion. A source was selected as peaked-spectrum if it either displayed a spectral peak within
the GLEAM band, a concave spectrum in radio colour-colour phase space when a SUMSS
or NVSS flux density measurement was added to the spectrum, or a positive power-law
that extended from the top of the GLEAM band to a SUMSS or NVSS counterpart. The
peaked-spectrum candidates were also required to be unresolved in the GLEAM extra-
galactic catalogue, located between the declinations of −80◦ and +30◦, and brighter than
0.16 Jy in the GLEAM wideband image, which is centred at 200 MHz. Utilizing the wide
fractional bandwidth of the GLEAM survey as a basis of identifying peaked-spectrum
sources implies the observations at and below the spectral peak are minimally impacted by
variability.
All of the 73 known GPS, CSS, and HFP sources that have a spectral turnover between
72 MHz and 1.4 GHz, and are bright enough to be detected in the GLEAM survey, are
contained within our peaked-spectrum sample, demonstrating the high reliability of the
selection criteria. This study provides 1,410 new peaked-spectrum sources, representing
over a factor of six increase in the number of peaked-spectrum sources known below a
declination of +30◦. We also highlight six the GPS sources that peak at 5 GHz or above
that display a convex spectrum between the GLEAM survey and NVSS/SUMSS, implying
that at least a portion of the GPS and HFP population is likely to go through multiple
epochs of activity.
The spectra of a number of USS sources are found to be turning over at GLEAM
frequencies. We suggest that a steep optically thin spectral index and a spectral peak below
230 MHz are potential indicators of high redshift candidates since both spectral properties
could be produced by radio lobes and hot spots being confined by dense ambient nuclear
region. All of the sources with a reported spectroscopic redshift that have an optically thin
spectral index less than −1.2 and a turnover frequency in the GLEAM band are located at
redshifts greater than two. However, such a trend needs to be confirmed with optical or H I
absorption follow-up campaigns.
In terms of the spectral properties of the peaked-spectrum sample, the distributions
of the optically thin and thick spectral indices are similar to previous studies but with a
much wider spread, mostly due to the high sensitivity of SUMSS/NVSS and the wide
fractional bandwidth of the GLEAM survey. In particular, the large spread in the optically
thick spectral indices is suggestive that the turnover in the spectrum is caused by an inho-
mogeneous environment that differs from source to source. There is also no dependence
between the observed turnover frequency with redshift, as expected if the sources selected
with observed low frequency spectral turnovers are composed of both local CSS sources
and high redshift GPS sources. To measure linear sizes and decouple these two source
populations, high resolution follow-up at low frequencies, for example with the GMRT or
LOFAR, to will be required.
The 5 GHz luminosity distribution of the peaked-spectrum sample lacks the brightest
GPS and CSS sources of previous samples, suggesting a convolution of evolution and
redshift effects for sources identified at low frequencies relative to peaked-spectrum sources
selected above 1 GHz. While the trends evident in intrinsic turnover frequency and radio
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luminosity are consistent with redshift evolution, there are a number of sources at high
power and low observed turnover frequencies that are inconsistent with the stereotypical
evolutionary model of a peaked-spectrum source. The small scale structure and optical
properties of these sources need to be investigated to confirm if these sources have the
same properties as young precursors to large radio galaxies.
Finally, we highlight six sources that have optically thick spectral indices near or above
the SSA limit. If the sources are shown to be minimally variable and have milliarcsecond
scale double morphologies, such a detection will be the first clear violation of SSA theory
in GPS, CSS, and HFP sources. Independently, such sources represent excellent candidates
for targeted follow-up to observe intrinsic H I absorption due to the inference of a dense
ambient medium.
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6Conclusions
This thesis has presented work from the emerging era of broadband low radio frequency
astronomy. In short, we have constructed the widest fractional bandwidth wide-field survey
ever produced, and have used it to study radio galaxy evolution. In doing so, we have
demonstrated the value of broadband spectral data for addressing topics of fundamental
importance to radio galaxy evolution. We have also introduced novel techniques for
measuring the primary beam pattern of aperture arrays, and for analysing broadband
spectral data.
6.1 Summary of main results
In Chapter 2, we conducted a broadband spectral study of the GPS sources PKS B0008-
421. PKS B0008-421 was identified as an extreme member of the GPS source class, with
the steepest known spectral slope below the turnover and the smallest known spectral
width of any GPS source. This chapter demonstrated the power of combining data from
the broadband receivers at gigahertz frequencies with broadband low frequency data for
determining the absorption mechanism.
In particular, we noted that without fitting the spectral break identified in the high
frequency broadband data, it is not possible to fit the slope below the turnover with any
absorption model. The requirement of a high-frequency spectral break means that the
source had ceased injecting fresh particles, and indicates the inhomogeneous FFA model
of Bicknell, Dopita & O’Dea (1997) best modelled the spectral turnover. The discovery of
PKS B0008-421 suggests that the GLEAM survey could reveal a large population of GPS
sources that have ceased activity, and that a portion of the USS source population could be
composed of these GPS sources in a non-active phase.
For the study of PKS B0008-421, only data from the 32-tile MWA commissioning
survey were available at the time of writing. The MWA commissioning survey data was
limited in sensitivity, sky area, and low frequency coverage, restricting any detailed popula-
tion analysis of peaked-spectrum sources. To produce a comprehensive and unprecedented
population analysis of peaked-spectrum sources, we first needed to produce the GLEAM
extragalactic catalogue.
However, one of the difficulties in producing a wide-field survey with an aperture array
is creating a consistent gain calibration across the sky and ensuring the measurements
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are tied to an accurate flux density scale. This is because it is difficult to correctly model
an aperture array’s primary beam response. An accurate flux density scale is vital for
identifying and modelling peaked-spectrum sources. In Chapter 3, we introduced a novel
technique to empirically measure the primary beam of the MWA to the 10% power level.
The primary beam response was calculated by comparing the ratio of the predicted flux
density of sources, measured from radio spectra, to the flux density observed in non-primary
beam corrected images. We found that there was an asymmetry in declination between
the empirical and simulated primary beams, suggesting there would be a declination
dependence in the flux density scale that needed to be corrected for in the GLEAM survey.
Using the same primary beam measuring technique outlined in this chapter, we corrected
this declination dependence in the final GLEAM extragalactic catalogue.
The production of the GLEAM extragalactic catalogue is presented in Chapter 4,
detailing the flagging, imaging, mosaicking, flux density scale corrections, and source
characterisation conducted. The GLEAM survey is the widest fractional bandwidth and
largest sky area survey at radio frequencies to date, and calibrates the low-frequency flux
density scale of the southern sky to better than 10%. It contains 307,455 radio sources
south of declination +30◦, excluding Galactic latitudes outside 10◦ of the Galactic plane;
with 20 separate flux density measurements between 72 and 231 MHz. We estimated that
the catalogue is 90% complete at ≈ 160 mJy, and its reliability is 99.97% above 50 mJy.
Finally, in Chapter 5 we used the GLEAM extragalactic catalogue to double the number
of known peaked-spectrum sources. The ≈ 1500 peaked-spectrum sources identified in
this sample displayed a spectral peak between 72 MHz and 1.4 GHz. We highlighted
multiple epochs of nuclear activity in some GPS sources, and demonstrated the possibility
of identifying high redshift (z > 2) galaxies as sources with steep optically thin spectral
indices and low observed peak frequencies. In line with the findings of Chapter 2, we
also identified more than 20 USS sources that show a spectral peak at low frequencies.
Consistent with the peaked-spectrum sample being composed of both local CSS sources
and high redshift GPS sources, we found no dependence of observed peak frequency with
redshift. The 5 GHz luminosity distribution of the peaked-spectrum sample lacked the
brightest GPS and CSS sources of previous samples, implying that a convolution of source
evolution and redshift influences the type of peaked-spectrum sources identified below
1 GHz. We also discussed the inconsistency of the standard radio galaxy evolutionary
model with the presence of sources with high power and low intrinsic peak frequencies,
suggesting that the current evolutionary model is incomplete. Finally, six sources were
identified that had optically thick spectral indices near or steeper than the SSA limit,
representing the first peaked-spectrum sources inconsistent with any form of SSA theory.
In Appendix A, we used the lowest frequency detection of the remnant of Supernova
1987A to constrain the properties of the circumstellar medium created by the progenitor.
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6.2 Future studies and outlook
6.2.1 Future radio studies of peaked-spectrum sources
The study of the peaked-spectrum sample in Chapter 5 highlighted the importance of a
number of follow-up studies to facilitate significant progress in understanding radio galaxy
evolution. High resolution (< 5′′) observations at low frequencies are needed to measure
the linear sizes of peaked-spectrum sources. High resolution observations is a priority
study since such observations will be able to test if the newly identified peaked-spectrum
sources are consistent with the known population of GPS sources in the linear size-turnover
frequency relationship. There is evidence from preliminary study of archival gigahertz
VLBI observations to suggest that a number of the low frequency peaked-spectrum sources
have smaller sizes than expected from their observed turnover frequencies, indicating that
our understanding of the evolution of this source class is incomplete.
High resolution follow-up observations at low frequencies will also allow the decou-
pling of nearby CSS sources and distant GPS sources, providing excellent high-redshift
candidates. At the time of writing, the only instruments available that can directly conduct
such high resolution, low frequency observations are LOFAR and the GMRT. It may be
also possible get the necessary high resolution information by observing interplanetary
scintillation of the peaked-spectrum sources with the MWA (Chhetri et al., in prep.).
A comparison of the local luminosity function of peaked-spectrum sources with that of
extended radio sources will also be an excellent independent test of the evolution scenario.
Previous attempts to construct the local luminosity function of peaked-spectrum sources
have been hampered by the fact only a few peaked-spectrum sources were known at
low redshift. Therefore, previous studies had to make assumptions such as the peaked-
spectrum cosmological number density evolution is similar to that of steep spectrum
sources, restricting the validity of their results (Snellen et al., 2000). With the doubling of
the number of peaked-spectrum sources through the sample produced in this thesis, it is
now directly possible to construct the local luminosity function, and to test whether it is
consistent with radio galaxy evolutionary models.
Follow-up H I absorption studies of the peaked-spectrum sources have the potential
to provide independent constraints on the density of source environments and redshift
information. H I absorption studies at low frequencies, with the MWA and LOFAR, are
sensitive to the neutral hydrogen in galaxies at redshifts > 5. A detection of H I absorption
at such a high redshift would likely revolutionise our understanding of the galaxy and star
formation in the early Universe. If peaked-spectrum sources do have have an unusually
dense nuclear medium, they are the perfect candidates for such an program. At gigahertz
frequencies, the detection of H I absorption in these sources will aid in inferring the density
of the environments associated with the host galaxies, independent of the radio continuum
studies (Allison et al., 2015). The next generation blind, large H I absorption survey
planned for the Australian Square Kilometre Array Pathfinder (ASKAP; Johnston et al.,
2008) will provide H I absorption constraints on nearly all the peaked-spectrum sources
identified in this thesis that are in the range 0.5 < z < 1.0.
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Finally, continuum observations of the peaked-spectrum sources at frequencies greater
than 1 GHz with the broadband backends on the ATCA and JVLA will facilitate com-
prehensive analysis of the dominant absorption mechanism. The ability to perform the
same analysis as conducted on PKS B0008-421 for a large sample of peaked-spectrum
sources will allow the first population analysis of whether FFA or SSA is present in
peaked-spectrum sources.
Note that the study of peaked-spectrum sources in Chapter 5 has also emphasised the
importance of having comprehensive spectroscopic redshift information. While the number
of peaked-spectrum sources known was doubled, only ≈ 15% had known redshifts. This
means that while the the next generation of radio surveys will dramatically increase the
number of radio sources known, the scientific results could be limited by the amount of
redshift information available.
6.2.2 The future of radio survey science
The production of the GLEAM survey in this thesis only represents the beginning of a
new wide-field, chromatic survey era. We are on the cusp of another glut of wide-field
continuum radio surveys, as seen in the late 1990s. In particular, the juggernauts of the
field, NVSS and the FIRST survey, that have been the most sensitive and highest resolution
wide-field surveys for the past ≈ 20 years, will finally be surpassed in the next 5-10 years.
Currently, many radio astronomy observatories are conducting an all-sky survey, and
facilities designed purely to pursue survey science are coming online. For example, the
JVLA is conducting the 2–4 GHz VLA Sky Survey (VLASS; SSG15, 2015), which is
expected to achieve a flux density limit of 0.6 mJy and an angular resolution of 2.5′′
across the entire sky visible to the JVLA. ASKAP is conducting the Evolutionary Map of
the Universe (EMU; Norris et al., 2011) survey, providing an expected number of ≈ 70
million sources at 1.3 GHz. Additionally, the LOFAR Two-metre Sky Survey (LoTSS;
Shimwell et al., 2017) is being performed at 120-168 MHz, and will likely achieve an
angular resolution of 5′′ and a flux density limit of 1.5 mJy. The expected evolution of the
number of sources in surveys with time, and the change of angular resolution with the
limiting flux density, are provided in Figure 6.1.
These three surveys will govern wide-field survey science until the SKA becomes
operational, providing multi-frequency information for million of sources. Such datasets
will be invaluable in testing our understanding of peaked-spectrum sources.
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Figure 6.1: Upper panel: The change in the number of sources with time for the wide-field
radio continuum surveys listed in Table 1.1, with the addition of the predicted values
for VLASS, LoTSS, and EMU. EMU represents an order of magnitude improvement in
the number of sources when compared to NVSS. The survey names are annotated next
to their respective points. The colour of the points correspond to the frequency of the
survey, communicated by the colour bar in the top-left corner. The red line represents an
exponential fit to the data, excluding VLASS, LoTSS, and EMU. Lower Panel: Variation in
the limiting flux density and resolution of the surveys listed in Table 1.1, with the addition
of the predicted values for VLASS, LoTSS, and EMU. While VLASS will likely resolve
out sources, it will be an order of magnitude improvement in angular resolution.
ALow Radio Frequency Observations
and Spectral Modelling of the
Remnant of Supernova 1987A
The following appendix has been reproduced from the peer-reviewed paper Callingham
et al. (2016), “Low Radio Frequency Observations and Spectral Modelling of the Remnant
of Supernova 1987A”, Monthly Notices of the Royal Astronomical Society, 2016, 462, 290-
297. Minor typographical and grammatical changes have been made to ensure consistency
with the rest of the thesis.
We present MWA observations of the supernova remnant (SNR) 1987A between 72
and 230 MHz, representing the lowest frequency observations of the source to date. This
large lever arm in frequency space constrains the properties of the circumstellar medium
created by the progenitor of SNR 1987A when it was in its red supergiant phase. As of
late-2013, the radio spectrum of SNR 1987A between 72 MHz and 8.64 GHz does not
show any deviation from a non-thermal power-law with a spectral index of −0.74± 0.02.
This spectral index is consistent with that derived at higher frequencies, beneath 100 GHz,
and with a shock in its adiabatic phase. A spectral turnover due to FFA by the circumstellar
medium has to occur below 72 MHz, which places upper limits on the optical depth of
≤ 0.1 at a reference frequency of 72 MHz, emission measure of . 13,000 cm−6 pc, and
an electron density of . 110 cm−3. This upper limit on the electron density is consistent
with the detection of prompt radio emission and models of the X-ray emission from the
supernova. The electron density upper limit implies that some hydrodynamic simulations
derived a red supergiant mass loss rate that is too high, or a wind velocity that is too low.
The mass loss rate of ∼ 5× 10−6M yr−1 and wind velocity of 10 km s−1 obtained from
optical observations are consistent with our upper limits, predicting a current turnover
frequency due to FFA between 5 and 60 MHz.
A.1 Introduction
Supernova 1987A (SN 1987A), discovered in the Large Magellanic Cloud (LMC) on
1987 February 23, was the brightest supernova seen from Earth since the invention of
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the telescope (Kunkel et al., 1987; Koshiba et al., 1987; Svoboda et al., 1987). The
close proximity of SN 1987A, and the detailed information we have about its progenitor,
has meant SN 1987A has played a pivotal role in shaping our understanding of core-
collapse supernovae, supernova remnant (SNR) evolution, and the physical properties of
the circumstellar medium deposited by a supernova progenitor.
Radio emission from core-collapse supernovae generally occurs when the forward
shock sweeps up the dense, slow-moving wind generated by a red supergiant progenitor
(Chevalier, 1982). However, the progenitor to SN 1987A was very different than those
normally associated with radio supernovae. It is believed that SN 1987A’s progenitor,
Sk-69◦202, evolved from a red supergiant into a blue supergiant ∼ 20,000 years before
the supernova event (Crotts & Heathcote, 1991; Podsiadlowski, Morris & Ivanova, 2007).
While the cause of such a transformation is still debated in the literature (e.g. Woosley
et al., 1987; Podsiadlowski & Joss, 1989; Collins et al., 1999; Smith, 2007), this abnormal
evolutionary path for a core-collapsed supernova progenitor has produced a complex
environment which the shock from the supernova event interacts with.
For example, the prompt radio emission detected at 843 MHz by the MOST (Turtle
et al., 1987), which faded to an undetectable flux density in under a year (Ball et al.,
2001), is understood to be a consequence of the supernova shock interacting with the low
density, fast moving blue supergiant wind (Storey & Manchester, 1987). Radio emission
was then re-detected ∼1200 days after the core collapse (Staveley-Smith et al., 1993),
indicating that the forward shock of the supernova event was encountering the denser and
slower red supergiant wind in the equatorial plane. This interaction produced the radio
shell that is now colliding with the clumpy ring observed at optical wavelengths (Crotts,
Kunkel & Heathcote, 1995; Plait et al., 1995). The hourglass shape of SNR 1987A, formed
from the peculiar evolution of the progenitor (Chevalier & Dwarkadas, 1995; Sugerman
et al., 2005; Potter et al., 2014), also means the forward shock is interacting with hot blue
supergiant wind material beyond the termination region at high latitudes (Zanardo et al.,
2010). Currently, > 9,600 days since the supernova event, it is understood that the forward
shock has egressed the equatorial ring and is now interacting with the H II and hourglass
region; a region formed from the blue supergiant wind expanding into the red supergiant
wind (Lundqvist, 1999; Potter et al., 2014).
While SNR 1987A has been extensively studied across the electromagnetic spectrum,
there have been no observations conducted at low radio frequencies (< 0.843 GHz).
This was due to SNR 1987A being too low in declination to be observed with Northern
Hemisphere radio telescopes, and because SN 1987A occurred after all the low radio
frequency instruments in the Southern Hemisphere were decommissioned, such as the
CCA (Slee, 1995). Low frequency radio observations of SNRs can constrain the radio
spectrum, providing a unique probe for investigating the circumstellar medium via FFA
and insights into the shock acceleration process producing the radio emission (e.g. Kassim,
1989; Kassim et al., 1995; Lacey et al., 2001; Brogan et al., 2005). Since intrinsic
or extrinsic spectral variations are often subtle, low radio frequency observations are
an important key in obtaining a large enough lever arm in frequency space to identify
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any variation. In particular, low radio frequency observations can place constraints on
the electron density of the absorbing medium and the mass loss rate of the progenitor
(Chevalier, 1982; Kassim, 1989; Chevalier, 1990; DeLaney et al., 2014). Considering the
forward shock of SNR 1987A has now passed through the densest part of the equatorial
ring (Potter et al., 2014; Fransson et al., 2015), low frequency observations of SNR 1987A
can provide mass loss limits of the progenitor when it was in its red supergiant phase. This
is because the detected radio emission from SNR 1987A is dominated by emission from
the region between the forward shock, that is propagating into the circumstellar material,
and the reverse shock (Chevalier, 1982). The temperature and density of the material
internal to the reverse shock is such that the radio emission from the interior to the reverse
shock is completely absorbed (Chevalier, 1982; Lundqvist, 1999; Chevalier & Fransson,
2003).
In this appendix we present the lowest radio frequency observations of SNR 1987A
using the MWA (Tingay et al., 2013). The MWA is a low radio frequency aperture
array which observed SNR 1987A between 72 and 231 MHz as part of its all-sky survey
(Wayth et al., 2015). The observations presented in this appendix are over an order
of a magnitude lower in frequency than the previous lowest-frequency observations of
SNR 1987A, allowing us to investigate the surrounding circumstellar medium in a part of
frequency space previously unobservable. Combined with gigahertz observations from the
ATCA, these observations provide key insights into the interaction of the supernova shock
with the circumstellar medium and its properties. The MWA and the ATCA observations,
and the relevant data reduction procedures performed, are outlined in detail in Section A.2.
The resulting radio spectrum and the absorption model fits are described in Section A.3. In
Section A.4, the implications of these model fits on the mass-loss rate and wind velocity of
the progenitor of SNR 1987A are discussed.
A.2 Observations and Data Reduction
SNR 1987A was observed by the MWA and the ATCA in late 2013 and early 2014. While
not simultaneous, the two ATCA observations bracket the MWA observation with an
almost equal gap of three months either side. These observations are summarised in Table
A.1 and the details about the data reduction processes are described below.
A.2.1 MWA Observations and Data Reduction
SNR 1987A was observed by the MWA between 72 and 231 MHz on 2013 November 8
as part of the GLEAM survey (Wayth et al., 2015). The GLEAM survey was conducted
by observing the sky between declinations of −90◦and +25◦in a two-minute “snapshot”
mode, utilising the meridian drift scan technique at seven independent declination settings.
SNR 1987A was observed during the drift scan that was centred on a declination of −55◦.
The data reduction process that was performed is described in detail Chapter 4. In
summary, COTTER (Offringa et al., 2015) was used to process the raw visibility data
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Table A.1: A summary of the observations of SNR 1987A used in the spectral modelling.
Note that ν represents the central frequency of the observing band, Sν is the total flux
density at frequency ν, and ∆Sν is the uncertainty on the flux density measurement. For
the MWA measurements ∆Sν is the sum in quadrature of the local RMS noise and the
systematic uncertainties associated with correcting the deficiencies in the primary beam
model. ∆Sν for the ATCA measurements is the sum in quadrature of the local RMS
noise and the uncertainties in the gain calibration. aPSF and bPSF are the semi-major and
semi-minor axis of the synthesised beam, respectively.
ν Sν ∆S Epoch Telescope aPSF bPSF
(GHz) (Jy) (Jy) (′) (′)
0.076 5.1 0.8 2013 Nov 08 MWA 5.9 5.2
0.084 4.9 0.7 2013 Nov 08 MWA 5.4 4.8
0.092 4.7 0.5 2013 Nov 08 MWA 5.0 4.4
0.099 4.6 0.4 2013 Nov 08 MWA 4.8 4.1
0.107 4.5 0.3 2013 Nov 08 MWA 4.3 3.7
0.115 4.2 0.2 2013 Nov 08 MWA 4.0 3.5
0.123 4.0 0.2 2013 Nov 08 MWA 3.8 3.3
0.130 3.9 0.2 2013 Nov 08 MWA 3.7 3.1
0.143 3.6 0.2 2013 Nov 08 MWA 3.4 2.8
0.150 3.4 0.1 2013 Nov 08 MWA 3.2 2.6
0.158 3.3 0.1 2013 Nov 08 MWA 3.1 2.5
0.166 3.1 0.1 2013 Nov 08 MWA 3.0 2.4
0.174 3.0 0.1 2013 Nov 08 MWA 2.8 2.3
0.181 2.9 0.1 2013 Nov 08 MWA 2.7 2.2
0.189 2.8 0.1 2013 Nov 08 MWA 2.6 2.1
0.197 2.7 0.1 2013 Nov 08 MWA 2.5 2.1
0.204 2.5 0.1 2013 Nov 08 MWA 2.4 2.0
0.212 2.5 0.1 2013 Nov 08 MWA 2.3 1.9
0.219 2.4 0.1 2013 Nov 08 MWA 2.3 1.8
0.227 2.3 0.1 2013 Nov 08 MWA 2.2 1.7
1.375 0.58 0.05 2013 Aug 31 ATCA 0.11 0.09
1.375 0.58 0.04 2014 Feb 04 ATCA 0.08 0.07
2.351 0.43 0.02 2013 Aug 31 ATCA 0.06 0.05
2.351 0.42 0.02 2014 Feb 04 ATCA 0.05 0.04
4.788 0.28 0.01 2013 Aug 31 ATCA 0.03 0.02
4.788 0.30 0.02 2014 Feb 04 ATCA 0.03 0.02
8.642 0.18 0.03 2013 Aug 31 ATCA 0.01 0.01
8.642 0.17 0.02 2014 Feb 04 ATCA 0.01 0.01
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from the MWA observations, which involved averaging the data to 1 s time and 40 kHz
frequency resolution, and excising RFI using the AOFLAGGER algorithm (Offringa, van
de Gronde & Roerdink, 2012b). An initial model of the sky for the five instantaneous
observing bandwidths of 30.72 MHz was produced by observing bright calibrator sources.
Hydra A was the calibrator source observed for the declination strip of the survey that
included SNR 1987A. Such observations allowed initial amplitude and phase calibration
solutions to be applied.
WSCLEAN (Offringa et al., 2014) was used for imaging as it appropriately accounts
for wide-field w-term effects. WSCLEAN is a fast generic widefield imager that uses
the w-stacking algorithm (Humphreys & Cornwell, 2011) and the w-snapshot algorithm
(Cornwell, Voronkov & Humphreys, 2012). Since SNR 1987A is unresolved at all MWA
observing frequencies, baselines shorter than 60 m were excluded to minimise the contami-
nation of large scale, diffuse structure present in the LMC, and a u, v-weighting scheme
close to uniform weighting was chosen for imaging. In terms of the “Briggs” scheme this
corresponds to a “robust” parameter of −1.0 (Briggs, 1995a). The snapshot observations
were imaged across each 30.72 MHz band using multi-frequency synthesis down to the first
negative CLEAN component, without any major cycles. These images then went through a
self-calibration loop, using the initial calibration images for quality control and to ensure
the position of sources and the flux density of the image were consistent throughout the
process. The RMS of the image was then measured and a new CLEAN threshold was set to
three times that RMS, which was between 200 to 40 mJy for 72 to 231 MHz, respectively.
The observations were then divided into four 7.68-MHz sub-bands and jointly cleaned.
The MRC (Large et al., 1981; Large, Cram & Burgess, 1991) was used to set an initial
flux density scale for the image and to correct for any right ascension dependent flux
density scale errors due to the drift scan technique. An astrometric correction was also
performed at this stage to fix bulk ionospheric distortions by using the positions of sources
referenced in MRC. The snapshots for the entire observed declination strip were then
mosaicked, with each snapshot weighted by the square of the primary beam response.
Finally, the residual declination dependence in the flux density scale, due to uncertain-
ties in the primary beam model, was corrected. This was done by comparing the measured
flux density in the mosaics for isolated, unresolved sources above 8σ of the noise floor
to that predicted by their radio spectra using the VLSSr (Lane et al., 2014), MRC, and
NVSS (Condon et al., 1998). This correction method places the flux density measurements
on the Baars et al. (1977) flux density scale and dominates the uncertainty in the flux
density measurements. The flux density calibration is accurate to 8%, as assessed by com-
paring the MWA flux densities at 150 MHz and 230 MHz to the 150 MHz TGSS-ADR1
survey (Intema et al., 2016) and JVLA P-band (230-450 MHz) observations of compact,
non-variable sources.
We convolved the appropriate synthesised beam at each sub-band frequency to charac-
terise the flux density of all the sources within two degrees of the centre of the LMC for
each of the 20 sub-band images. The sub-band image at 200-208 MHz, with SNR 1987A
highlighted, is shown in Figure A.1.
APPENDIX A. LOW RADIO FREQUENCY OBSERVATIONS AND SPECTRAL
MODELLING OF THE REMNANT OF SUPERNOVA 1987A 167
The background emission and noise properties of the individual sub-band images were
measured using the backgrounding tool BANE1. BANE defines the background to be the
mean of the pixel distribution, and the noise to be the variance about this mean. BANE
was designed to quickly and accurately treat some of the unique problems of estimating the
background and noise properties of radio images. It utilises two main techniques to reduce
the compute time, whilst retaining a high level of accuracy. Firstly, since radio images
can have a high level of correlation between adjacent pixels, BANE calculates the mean
and variance on a sparse grid of pixels and then interpolates to give the final background
and noise images. Secondly, BANE uses sigma-clipping on the pixel distribution to avoid
contamination from source pixels.
BANE calculated the background emission of the MWA images to vary between ∼0.7
Jy/beam to ∼0.1 Jy/beam for 72 to 231 MHz, respectively. The background and noise
properties were then used by the source finding and characterisation program AEGEAN
v1.9.6 (Hancock et al., 2012) to accurately identify and measure the flux density of the
sources in the images. SNR 1987A was unresolved in all the subband images, so the flux
density measurements were calculated by AEGEAN by fitting a Gaussian, convolved with
the synthesised beam, to the source position.
At the lowest four frequencies, the synthesised beam becomes large enough to cause
some blending of the Honeycomb nebula (Chu et al., 1995) and a background galaxy
(Ball et al., 2001) with SNR 1987A, shown to the south-east of SNR 1987A in the inset
of Figure A.1. We estimate the upper limit of the contamination at these frequencies by
extrapolating the spectra of the Honeycomb nebula and the background galaxy from a fit
above the lowest four frequencies of the MWA data. This results in larger uncertainties for
the flux density measurements between 72 and 103 MHz of SNR 1987A.
A.2.2 ATCA Observations and Data Reduction
SNR 1987A was observed as part of the ongoing ATCA monitoring campaign (project
C015, PI Staveley-Smith) on 2013 August 31 and 2014 February 4 in array configurations
1.5A and 6D, respectively. The observations were conducted using the CABB (Wilson
et al., 2011) system, providing an instantaneous 2 GHz bandwidth, for both linear polari-
sations, at central frequencies of 2.1 GHz, 5.5 GHz and 9.0 GHz. For both observations
PKS B1934-638 was used for gain and bandpass calibration and to set the flux density scale.
PKS B0454-810, PKS B0407-658 and PKS B0530-727 were the secondary calibrators
used for phase calibration. The total integration time on SNR 1987A in the August and
February observations was approximately seven and six hours, respectively.
The data reduction process we applied is outlined by Zanardo et al. (2010). In summary,
the data for both observations were reduced using the MIRIAD software package (Sault,
Teuben & Wright, 1995), with known regions of RFI and lower sensitivity in the CABB
system initially flagged. The excision of RFI was conducted using the automatic flagging
option in pgflag and manually with blflag. Since the LMC is a crowded field with
1https://github.com/PaulHancock/Aegean/wiki/BANE
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many bright sources nearby SNR 1987A, only baselines longer than 3 kλ, where λ is
the observing wavelength, were used to form images. To be consistent with pre-CABB
monitoring data, the 2 GHz instantaneous bandwidth was spilt into four sub-bands with
128 MHz bandwidth, centred at 1.4, 2.4, 4.8 and 8.6 GHz. Gain calibration was performed
on each sub-band independently. A self-calibration loop was conducted at this stage using
a preliminary model generated by CLEANing an image with a small number of iterations,
with deeper CLEANing conducted after the self-calibration loop was complete. The flux
densities were measured by integrating a Gaussian fit to the emission region at 1.4 and
2.4 GHz, and by integrating over a polygonal region at 4.8 and 8.6 GHz.
A.3 Results
We present the spectral energy distribution of SNR 1987A from 72 MHz to 8.64 GHz in
Figure A.2, plotted using the values reported in Table A.1. Applying the Bayesian model
inference routine outlined in Section 2.3 of Chapter 2, different emission and absorption
models were fit to find the model that best described the spectrum and to test for any
evidence of a spectral turnover or broad spectral curvature. This fitting method assumes
that the flux density measurements are Gaussian and the ATCA data points are independent.
The known correlation in the MWA flux measurements (Hurley-Walker et al., submitted)
was approximated by a Mate´rn covariance function (Rasmussen & Williams, 2006), which
produces a stronger correlation between flux density measurements close in frequency
space than further away. The Bayesian evidence Z for each fit was calculated using the
using the algorithm MULTINEST (Feroz et al., 2013), which is an implementation of nested
sampling. Uniform priors for each model parameter in a fit were utilised, allowing direct
comparison to least-squares goodness-of-fit tests. While the spectral index of SNR 1987A
has been gradually flattening with time (Zanardo et al., 2010), the data were simultaneously
fit since the ATCA observations were almost equally spaced before and after the MWA
observation. While the flattening of the spectral index is small over the time between the
ATCA and MWA observations (≈ 0.005), fitting the data simultaneously minimises any
impact of variability.
The physically motivated models investigated included non-thermal synchrotron emis-
sion from relativistic electrons at the forward shock front, and homogeneous FFA (Mezger
& Henderson, 1967) caused by the ionised circumstellar material swept up by the shock
front. The homogeneous FFA model includes attenuation of the underlying non-thermal
synchrotron radiation by an ionised screen internal or external to the emitting electrons.
We found the best fitting model to be the non-thermal synchrotron emission of the form:
Sν = a
( ν
1 GHz
)α
, (A.1)
where a, in Jy, characterises the amplitude of the synchrotron spectrum, α is the synchrotron
spectral index, and Sν is the flux density at frequency ν, in GHz. The best fit of this model
requires α = −0.74± 0.02 and a = 0.82± 0.01 Jy. The fit is plotted in Figure A.2 and has
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Figure A.1: A MWA image of a part of the LMC at 200-208 MHz formed using a robust
weighting parameter of −1 (close to uniform weighting). The position of SNR 1987A
is marked by a dark green cross. The inset is a magnified section of the larger image,
as represented by the dark green box. The dimensions of the inset are 5.′6 × 5.′6. In the
top left of the inset is the superbubble 30 Doradus C (Mills et al., 1984; Kavanagh et al.,
2015) and the source to the south-east of SNR 1987A is a blend of the SNR called the
Honeycomb nebula (Chu et al., 1995) and a background galaxy (Ball et al., 2001). The
synthesised beam size for this observation is 2.′4 × 2.′0, and is plotted in the bottom left
hand corner.
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a log evidence ln(Z) value of 8.32± 0.02, or a reduced χ2-value of 0.84, calculated using
25 degrees of freedom. This spectral index is somewhat steeper, but still consistent, with
what is expected from the higher frequency ATCA data and leads to a shock compression
ratio of σs = 3.02 ± 0.04, consistent with the range of compression ratios derived for
SNR 1987A between 1.4 and 44 GHz (Berezhko & Ksenofontov, 2006; Zanardo et al.,
2010, 2014). This low compression factor implies the shock is still in the adiabatic phase
and that sub-diffusive shock acceleration, without cosmic-ray feedback, is present.
While the spectrum of SNR 1987A is best described by a non-thermal power-law, we
also fit an extrinsic FFA model to place an upper limit on the optical depth. Assuming
the ionised material is not mixed with the relativistic electrons that are producing the
non-thermal spectrum, a spectrum with a peak below 72 MHz is characterised as
Sν = a
( ν
0.072 GHz
)α
exp
[
−τ72
( ν
0.072 GHz
)−2.1]
, (A.2)
where τ72 is the free-free optical depth at the reference frequency of 72 MHz. The fit to the
spectrum requires τ72 ≤ 0.1 at 3σ.
Model selection can be performed based on the difference between the log evidence of
two models ∆ ln(Z) = ln(Z2)− ln(Z1), where ∆ ln(Z) ≥ 3 is taken as strong evidence
that the second model is favoured over the first (Kass & Raftery, 1995). The difference
in the log evidence value between the FFA fits and synchrotron radiation fit were found
to be greater than 200, implying that the non-thermal synchrotron emission is strongly
favoured over both internal and external FFA. Non-physically motivated models, such as
quadratic and quartic curves, were also fit to the spectrum to test for spectral curvature. The
difference in evidence between these non-physical models and the synchrotron spectrum
was always greater than 165, suggesting there is no statistical evidence of curvature in
the spectrum of SNR 1987A. This implies that if a turnover exists in the spectrum of
SNR 1987A, it has to occur at a frequency lower than 72 MHz.
Note that we excluded SSA as a potential absorption mechanism as it was shown by
Chevalier (1998) that SSA ceased almost immediately after the prompt burst. Additionally,
the Razin-Tsytovich effect (Tsytovich, 1951; Razin, 1957) is unlikely to be contributing to
the absorption because it would require the density of the radiating region to be nearly two
orders of magnitude larger than the postshock density, which is greater than expected for
the synchrotron emitting region of SNR 1987A (Chevalier, 1982; Chevalier & Dwarkadas,
1995). Therefore, FFA by an ionised circumstellar material is the only plausible mecha-
nism for a spectral turnover, considering the observations reported in this appendix were
conducted over 9640 days since SNR 1987A occurred.
A.4 Discussion
The MWA observation of SNR 1987A represents the lowest frequency detection of
SNR 1987A, over an order of magnitude lower than the previous lowest frequency observa-
tions at 843 MHz. This allows us to place a limit on the density of ionised material present
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Figure A.2: Spectral energy distribution of SNR 1987A from 0.072 to 8.64 GHz. The
MWA data points are plotted in black. The monitoring data from the ATCA for 2013
August 31 and 2014 February 4 are shown in blue and green, respectively. The best fit
power-law model to all the data is presented in orange, with the shaded orange region
representing the 1-σ uncertainty on the model fit at the respective frequency. The χ-values
for the power-law fit to the data, which represent the residuals to the fit divided by the
uncertainties in the flux density measurements, are displayed in the panel below the spectral
energy distribution.
around the shock producing the synchrotron emission. Since the best fitting model is a
non-thermal power-law, if a turnover is present in the spectrum, it has to occur at or below
a frequency of 72 MHz. The medium responsible for the ionised material would likely be
the surrounding H II and “hourglass” regions deposited by the expansion of SNR 1987A
progenitor’s wind during its red supergiant phase (Chevalier & Dwarkadas, 1995). This is
because the forward shock front has swept around the dense equatorial ring ∼1000 days
before the observations presented in this appendix were made (Potter et al., 2014).
Note that our observations are dominated by the emission from the expanding syn-
chrotron emitting shell produced from the interaction of the forward shock with the
circumstellar environment (Chevalier, 1982). The radio emission interior to this shell is
not detected since the density in this region is too low for efficient particle acceleration
environments to form, and any emission is absorbed by the dense material that exists
between the reverse shock and the interior of the supernova (Lundqvist, 1999; Chevalier
& Fransson, 2003; Potter et al., 2014). Therefore, our observations are only sensitive to
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absorption by the circumstellar material deposited by the progenitor, rather than intrinsic
absorption by the supernova ejecta.
To place an upper limit on the emission measure EM =
∫
fn2e dl, we re-parametrise
the free-free optical depth from Equation A.2 in terms of Te in K, free electron density ne
in cm−3, the path length l in pc, and filling factor of the ionised gas f as
τν ≈ 8.24× 10−2a(Te, ν)ν−2.1T−1.35e
∫
fn2e dl. (A.3)
The Gaunt factor a(Te, ν) ≈ 1 for the range of astrophysical quantities investigated in this
study (Osterbrock, 1989). The form of Equation A.3 is derived assuming the H II region is
composed of hydrogenic gas, implying an atomic number of ∼ 1, and the number density
of electrons and ions will be equal since the H II region will be fully ionised from the
ultraviolet (UV) radiation emitted from the supernova event. Emission line measurements
and environmental simulations suggest the electron temperature of the H II and “hourglass”
regions will be ∼ 6× 104 K after the UV flash (Lundqvist & Fransson, 1991; Lundqvist,
1999; Sugerman et al., 2005) and before the forward shock of the supernova passes through
(Chevalier & Dwarkadas, 1995; Potter et al., 2014). Substituting this information, and
the fact τ72 ≤ 0.1, into Equation A.3 places an upper limit on the emission measure of
EM . 13, 000 cm−6 pc.
While there is ambiguity about whether the turnover in the spectrum of Galactic SNRs
is intrinsic or due to the ionised interstellar medium of the Milky Way (Kassim, 1989), the
path length of a photon from SNR 1987A through the interstellar medium of the LMC is
significantly shorter than most Galactic SNRs. For example, since the electron density
of the LMC near the position of SNR 1987A is measured to be ne ∼ 0.08 cm−3 (Kim
et al., 2003; Cox et al., 2006) and the distance of SNR 1987A from the edge of the LMC is
∼ 1 kpc (Xu, Crotts & Kunkel, 1995; Sugerman et al., 2005), the interstellar medium of
the LMC has an emission measure EM . 6 cm−6 pc. Hence, any turnover in the spectrum
of SNR 1987A would be completely dominated by absorption from material associated
with the system of SNR 1987A.
The emission measure also allows us to place an upper limit on the electron density
in the red supergiant wind. For a radio photon emitted from the forward shock it will
have an equivalent path length l ∼ 1 pc, based on the current position of the forward
shock and the total size of the H II and “hourglass” region, assuming the progenitor was
in the red supergiant phase for ∼ 5 × 105 yr (Blondin & Lundqvist, 1993; Chevalier &
Dwarkadas, 1995; Potter et al., 2014). Provided the ionised material is distributed in a
slab with a uniform density (f = 1), this produces an upper limit on the electron density
ne =
√
EM/fl . 110 cm−3. While the filling factor of the H II and “hourglass” region
is unknown, any deviation from unity will be small (e.g. Lundqvist, 1999; Ohnaka et al.,
2008; Fransson et al., 2015), and will have a minimal impact on the electron density limit
since dependency on the filling factor goes as ne ∝ f−0.5.
An electron density ne . 110 cm−3 is consistent with the limits placed from the
detection of the prompt radio emission, as any circumstellar envelope must be relatively
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thin otherwise the prompt radio burst would not have been observed (Storey & Manchester,
1987). Such an upper limit on the electron number density is also compatible with models
of the X-ray emission from the supernova, which often require a electron density of
ne ∼ 90 cm−3 (Borkowski, Blondin & McCray, 1997; Park et al., 2002) in the H II and
“hourglass” region.
We can also estimate the density of the H II and “hourglass” region from the mass loss
the progenitor underwent when it was a red supergiant. The asymmetric wind profile from
Blondin & Lundqvist (1993) has the environmental mass density ρ described in terms of
the mass loss rate of the red supergiant M˙ , velocity of the red supergiant wind vw, radius
from centre of the system r, and the asymmetry parameter A as
ρ(r, θ) =
3M˙
(3− A)4pir2vw (1− A cos
2 θ), (A.4)
where θ is the angle from the pole of the progenitor. The best fitting model from the
two dimensional hydrodynamic simulations of Blondin & Lundqvist (1993) found M˙ =
2.0 × 10−5M yr−1, vw = 5 km s−1 and A = 0.95. The asymmetry of the mass loss
produces an equatorial to polar density ratio of 20:1. The largest number density of
electrons, and thus the most likely site of absorption, will occur just before the forward
shock front, which at day 9640 is at r ∼ 0.4 pc (Potter et al., 2014). In the equatorial plane
this model predicts ne ≈ 120 cm−3. This value is close to, but above, the limit we place
based on the MWA observations of SNR 1987A.
Therefore, the number density of electrons derived from the model of Blondin &
Lundqvist (1993), which is also used by Potter et al. (2014) to model the initial environment
of the system, is marginally inconsistent with the upper limit placed by our observations.
We note that the inconsistency between the derived and observed electron density is highly
dependent on the value of r. To ensure our findings are robust, we chose a value of r that
was at the upper-limit of those calculated from the simulations of Potter et al. (2014) and
the observations of Zanardo et al. (2014). Since we have used a conservatively large value
of r, it is likely either the mass loss rate is too high and/or the red supergiant wind velocity
is too low in the model of Blondin & Lundqvist (1993).
Since the mass loss rate and wind speed are degenerate, we can parametrise the optical
depth in terms of the physical properties of the supernova shock to place a limit on the
ratio of the progenitor’s mass loss rate and wind speed. Using the velocity of the forward
shock vs,4, in units of 104 km s−1, and the time since the explosion t7, in units of 107 s, the
ratio of the mass loss rate and velocity of the wind can be expressed as(
M˙−5
vw,1
)2
= 0.25ν2τν(vs,4t7)
3, (A.5)
where the mass loss rate is in units of 10−5 M yr−1, the velocity of the red supergiant
wind is in units of 10 km s−1, and the frequency is in units of GHz (Chevalier, 1981,
1982). Since the observations reported in this appendix were conducted ≈ 9640 days
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since SN 1987A occurred, with τ72 ≤ 0.1, and vs ∼ 5000 km s−1 (Potter et al., 2014), it
follows that M˙−5/vw,1 ≤ 2.2M yr−1 km−1 s. Again, the mass loss rate and wind velocity
derived by Blondin & Lundqvist (1993) are not consistent with our observations. Note
that Equation A.5 may lead to an overestimate of M˙−5/vw,1 if the medium is found to be
significantly clumpy (Chevalier & Fransson, 2003).
Using optical and infrared observations of SNR 1987A, Sugerman et al. (2005) derived
a mass loss rate of M˙ ∼ 5× 10−6 M yr−1, which is close to the median mass loss rate
of the red supergiant population (Knapp & Morris, 1985). Additionally, Koo & McKee
(1992) suggest a more realistic wind velocity of vw = 10 km s−1, corresponding to a “slow
wind” expanding into a tenuous medium and becoming immediately radiative. Applying
either, or both, of these values to Equation A.5 provides a mass loss rate-wind velocity
ratio consistent with our upper limit, and predicts a spectral turnover frequency between
∼ 5 and 60 MHz.
Future observations of SNR 1987A at or below 50 MHz could be helpful in identifying
the spectral turnover frequency and providing tighter constraints on the mass loss rate
of the progenitor. The only telescope currently planned that could target SNR 1987A at
50 MHz is the low frequency array of the SKA1-Low (Dewdney et al., 2013; de Lera
Acedo et al., 2015). However, assuming Equation A.4 provides an accurate evolution of
the circumstellar medium and that the turnover in the spectrum is currently ∼ 50 MHz,
we would predict a turnover frequency of ∼ 10 MHz by the time SKA1-Low becomes
operational in approximately 2023. Hence, it is possible that SKA1-Low will not provide
better constraints on the spectral turnover than that presented in this appendix.
Continual monitoring of SNR 1987A with the MWA will be useful in investigating the
physical properties of the circumstellar medium and physics of diffusive shock acceleration.
Gradual flattening of the spectral index, in line with higher frequency observations (Zanardo
et al., 2010), will provide a more accurate measure of the strength of the magnetic field
in the forward shock and the shock compression ratio (Berezhko & Ksenofontov, 2006).
Additionally, any observed steepening in the spectral index at low radio frequencies,
relative to the high frequency observations, would be indicative of a re-acceleration of
electrons by a central compact object (Zanardo et al., 2014). A decrease in the spectral
index would suggest the interaction of the shock front with a denser circumstellar medium
than currently predicted by mass loss models of the progenitor.
A.5 Conclusion
We have presented observations of SNR 1987A between 72 MHz and 8.4 GHz, with the
MWA observations representing the lowest frequency observations of SNR 1987A to
date. This large lever arm in frequency space has allowed us to probe the circumstellar
environment of SNR 1987A and test different mass loss scenarios of the progenitor at an
unprecedented level.
The radio spectrum of SNR 1987A does not show any deviation from a non-thermal
power-law with a spectral index of α = −0.74± 0.02. Since FFA has to cause a spectral
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turnover to occur below 72 MHz, we derived an upper limit on the optical depth τ72 ≤ 0.1,
placing an upper limit on the emission measure of EM . 13, 000 cm−6 pc and electron
density of ne . 110 cm−3. These limits are consistent with limits determined from the
detection of the prompt radio emission and X-ray spectra.
The mass loss rate or wind velocity, or both, derived from previous the hydrodynamic
simulations were found to be too high to be consistent with our electron density upper limit.
The mass loss rate of M˙ ∼ 5× 10−6M yr−1 and the wind velocity of vw = 10 km s−1,
derived from optical data, are compatible with our observations. Therefore, we predict
a current spectral turnover frequency between ∼ 5 and 60 MHz. We conclude that while
SKA1-Low will provide lower frequency observations than reported in this appendix,
due to the progression of the shock into a lower density circumstellar medium, it will be
unlikely SKA1-Low will detect the spectral turnover once it is operational in approximately
2023.
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BList of column headings in the GLEAM
extragalactic catalogue
Column numbers, names, and units for the GLEAM extragalactic catalogue described in
Chapter 4. Source names follow International Astronomical Union naming conventions
for co-ordinate-based naming. Background and RMS measurements were performed
by BANE; PSF measurements were peformed using in-house software as described in
Section 4.3.4; the absolute error on the flux density scale was derived as described in Sec-
tion 4.3.2; the fitted spectral index parameters were derived as described in Section 4.5.2;
all other measurements were made using AEGEAN. AEGEAN incorporates a constrained
fitting algorithm. Shape parameters with an error of −1 indicate that the reported value is
equal to either the upper or lower fitting constraint. The columns with the subscript “wide”
are derived from the 200 MHz wide-band image. Subsequently, the subscript indicates
the central frequency of the measurement, in MHz. These sub-band measurements are
made using the priorised fitting mode of Aegean, where the position and shape of the
source are determined from the wide-band image, and only the flux density is fitted (see
Section 4.4.3). Note therefore that some columns in the priorised fit do not have error bars,
because they are linearly propagated from the wideband image values (e.g. major axis a).
Number Name Unit Description
1 Name hh:mm:ss+dd:mm:ss International Astronomical Union name
2 background wide Jy beam−1 Background in wideband image
3 local rms wide Jy beam−1 Local RMS in wideband image
4 ra str hh:mm:ss Right ascension
5 dec str dd:mm:ss Declination
6 RAJ2000 ◦ Right ascension
7 err RAJ2000 ◦ Error on RA
8 DEJ2000 ◦ Declination
9 err DEJ2000 ◦ Error on Dec
10 peak flux wide Jy beam−1 Peak flux density in wideband image
11 err peak flux wide Jy beam−1 Fitting error on peak flux density in wideband image
12 int flux wide Jy Integrated flux density in wideband image
13 err int flux wide Jy Error on integrated flux density in wideband image
14 a wide ′′ Major axis of source in wideband image
15 err a wide ′′ Error on major axis of source in wideband image
16 b wide ′′ Minor axis of source in wideband image
17 err b wide ′′ Error on minor axis of source in wideband image
18 pa wide ◦ Postion angle of source in wideband image
19 err pa wide ◦ Error on position angle of source in wideband image
20 residual mean wide Jy beam−1 Mean of residual after source fitting in wideband image
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21 residual std wide Jy beam−1 Standard deviation of residual after source fitting
22 err abs flux pct % Percent error in absolute flux scale - all frequenciesc
23 err fit flux pct % Percent error on internal flux scale - all frequencies
24 psf a wide ′′ Major axis of PSF at location of source in wideband image
25 psf b wide ′′ Minor axis of PSF at location of source in wideband image
26 psf pa wide ◦ Position angle of PSF at location of source in wideband image
27 background 076 Jy beam−1 Background at 76 MHz
28 local rms 076 Jy beam−1 Local RMS at 76 MHz
29 peak flux 076 Jy beam−1 Peak flux density at 76 MHz
30 err peak flux 076 Jy beam−1 Fitting error on peak flux density at 76 MHz
31 int flux 076 Jy Integrated flux density at 76 MHz
32 err int flux 076 Jy Fitting error on integrated flux density at 76 MHz
33 a 076 ′′ Major axis of source at 76 MHz
34 b 076 ′′ Minor axis of source at 76 MHz
35 pa 076 ◦ Position angle of source at 76 MHz
36 residual mean 076 Jy beam−1 Mean of residual after source fitting at 76 MHz
37 residual std 076 Jy beam−1 Standard deviation of residual after source fitting at 76 MHz
38 psf a 076 ′′ Major axis of PSF at location of source at 76 MHz
39 psf b 076 ′′ Minor axis of PSF at location of source at 76 MHz
40 psf pa 076 ◦ Position angle of PSF at location of source at 76 MHz
41 background 084 Jy beam−1 Background at 84 MHz
42 local rms 084 Jy beam−1 Local RMS at 84 MHz
43 peak flux 084 Jy beam−1 Peak flux density at 84 MHz
44 err peak flux 084 Jy beam−1 Fitting error on peak flux density at 84 MHz
45 int flux 084 Jy Integrated flux density at 84 MHz
46 err int flux 084 Jy Fitting error on integrated flux density at 84 MHz
47 a 084 ′′ Major axis of source at 84 MHz
48 b 084 ′′ Minor axis of source at 84 MHz
49 pa 084 ◦ Position angle of source at 84 MHz
50 residual mean 084 Jy beam−1 Mean of residual after source fitting at 84 MHz
51 residual std 084 Jy beam−1 Standard deviation of residual after source fitting at 84 MHz
52 psf a 084 ′′ Major axis of PSF at location of source at 84 MHz
53 psf b 084 ′′ Minor axis of PSF at location of source at 84 MHz
54 psf pa 084 ◦ Position angle of PSF at location of source at 84 MHz
55 background 092 Jy beam−1 Background at 92 MHz
56 local rms 092 Jy beam−1 Local RMS at 92 MHz
57 peak flux 092 Jy beam−1 Peak flux density at 92 MHz
58 err peak flux 092 Jy beam−1 Fitting error on peak flux density at 92 MHz
59 int flux 092 Jy Integrated flux density at 92 MHz
60 err int flux 092 Jy Fitting error on integrated flux density at 92 MHz
61 a 092 ′′ Major axis of source at 92 MHz
62 b 092 ′′ Minor axis of source at 92 MHz
63 pa 092 ◦ Position angle of source at 92 MHz
64 residual mean 092 Jy beam−1 Mean of residual after source fitting at 92 MHz
65 residual std 092 Jy beam−1 Standard deviation of residual after source fitting at 92 MHz
66 psf a 092 ′′ Major axis of PSF at location of source at 92 MHz
67 psf b 092 ′′ Minor axis of PSF at location of source at 92 MHz
68 psf pa 092 ◦ Position angle of PSF at location of source at 92 MHz
69 background 099 Jy beam−1 Background at 99 MHz
70 local rms 099 Jy beam−1 Local RMS at 99 MHz
71 peak flux 099 Jy beam−1 Peak flux density at 99 MHz
72 err peak flux 099 Jy beam−1 Fitting error on peak flux density at 99 MHz
73 int flux 099 Jy Integrated flux density at 99 MHz
74 err int flux 099 Jy Fitting error on integrated flux density at 99 MHz
75 a 099 ′′ Major axis of source at 99 MHz
76 b 099 ′′ Minor axis of source at 99 MHz
77 pa 099 ◦ Position angle of source at 99 MHz
78 residual mean 099 Jy beam−1 Mean of residual after source fitting at 99 MHz
79 residual std 099 Jy beam−1 Standard deviation of residual after source fitting at 99 MHz
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80 psf a 099 ′′ Major axis of PSF at location of source at 99 MHz
81 psf b 099 ′′ Minor axis of PSF at location of source at 99 MHz
82 psf pa 099 ◦ Position angle of PSF at location of source at 99 MHz
83 background 107 Jy beam−1 Background at 107 MHz
84 local rms 107 Jy beam−1 Local RMS at 107 MHz
85 peak flux 107 Jy beam−1 Peak flux density at 107 MHz
86 err peak flux 107 Jy beam−1 Fitting error on peak flux density at 107 MHz
87 int flux 107 Jy Integrated flux density at 107 MHz
88 err int flux 107 Jy Fitting error on integrated flux density at 107 MHz
89 a 107 ′′ Major axis of source at 107 MHz
90 b 107 ′′ Minor axis of source at 107 MHz
91 pa 107 ◦ Position angle of source at 107 MHz
92 residual mean 107 Jy beam−1 Mean of residual after source fitting at 107 MHz
93 residual std 107 Jy beam−1 Standard deviation of residual after source fitting at 107 MHz
94 psf a 107 ′′ Major axis of PSF at location of source at 107 MHz
95 psf b 107 ′′ Minor axis of PSF at location of source at 107 MHz
96 psf pa 107 ◦ Position angle of PSF at location of source at 107 MHz
97 background 115 Jy beam−1 Background at 115 MHz
98 local rms 115 Jy beam−1 Local RMS at 115 MHz
99 peak flux 115 Jy beam−1 Peak flux density at 115 MHz
100 err peak flux 115 Jy beam−1 Fitting error on peak flux density at 115 MHz
101 int flux 115 Jy Integrated flux density at 115 MHz
102 err int flux 115 Jy Fitting error on integrated flux density at 115 MHz
103 a 115 ′′ Major axis of source at 115 MHz
104 b 115 ′′ Minor axis of source at 115 MHz
105 pa 115 ◦ Position angle of source at 115 MHz
106 residual mean 115 Jy beam−1 Mean of residual after source fitting at 115 MHz
107 residual std 115 Jy beam−1 Standard deviation of residual after source fitting at 115 MHz
108 psf a 115 ′′ Major axis of PSF at location of source at 115 MHz
109 psf b 115 ′′ Minor axis of PSF at location of source at 115 MHz
110 psf pa 115 ◦ Position angle of PSF at location of source at 115 MHz
111 background 122 Jy beam−1 Background at 122 MHz
112 local rms 122 Jy beam−1 Local RMS at 122 MHz
113 peak flux 122 Jy beam−1 Peak flux density at 122 MHz
114 err peak flux 122 Jy beam−1 Fitting error on peak flux density at 122 MHz
115 int flux 122 Jy Integrated flux density at 122 MHz
116 err int flux 122 Jy Fitting error on integrated flux density at 122 MHz
117 a 122 ′′ Major axis of source at 122 MHz
118 b 122 ′′ Minor axis of source at 122 MHz
119 pa 122 ◦ Position angle of source at 122 MHz
120 residual mean 122 Jy beam−1 Mean of residual after source fitting at 122 MHz
121 residual std 122 Jy beam−1 Standard deviation of residual after source fitting at 122 MHz
122 psf a 122 ′′ Major axis of PSF at location of source at 122 MHz
123 psf b 122 ′′ Minor axis of PSF at location of source at 122 MHz
124 psf pa 122 ◦ Position angle of PSF at location of source at 122 MHz
125 background 130 Jy beam−1 Background at 130 MHz
126 local rms 130 Jy beam−1 Local RMS at 130 MHz
127 peak flux 130 Jy beam−1 Peak flux density at 130 MHz
128 err peak flux 130 Jy beam−1 Fitting error on peak flux density at 130 MHz
129 int flux 130 Jy Integrated flux density at 130 MHz
130 err int flux 130 Jy Fitting error on integrated flux density at 130 MHz
131 a 130 ′′ Major axis of source at 130 MHz
132 b 130 ′′ Minor axis of source at 130 MHz
133 pa 130 ◦ Position angle of source at 130 MHz
134 residual mean 130 Jy beam−1 Mean of residual after source fitting at 130 MHz
135 residual std 130 Jy beam−1 Standard deviation of residual after source fitting at 130 MHz
136 psf a 130 ′′ Major axis of PSF at location of source at 130 MHz
137 psf b 130 ′′ Minor axis of PSF at location of source at 130 MHz
138 psf pa 130 ◦ Position angle of PSF at location of source at 130 MHz
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139 background 143 Jy beam−1 Background at 143 MHz
140 local rms 143 Jy beam−1 Local RMS at 143 MHz
141 peak flux 143 Jy beam−1 Peak flux density at 143 MHz
142 err peak flux 143 Jy beam−1 Fitting error on peak flux density at 143 MHz
143 int flux 143 Jy Integrated flux density at 143 MHz
144 err int flux 143 Jy Fitting error on integrated flux density at 143 MHz
145 a 143 ′′ Major axis of source at 143 MHz
146 b 143 ′′ Minor axis of source at 143 MHz
147 pa 143 ◦ Position angle of source at 143 MHz
148 residual mean 143 Jy beam−1 Mean of residual after source fitting at 143 MHz
149 residual std 143 Jy beam−1 Standard deviation of residual after source fitting at 143 MHz
150 psf a 143 ′′ Major axis of PSF at location of source at 143 MHz
151 psf b 143 ′′ Minor axis of PSF at location of source at 143 MHz
152 psf pa 143 ◦ Position angle of PSF at location of source at 143 MHz
153 background 151 Jy beam−1 Background at 151 MHz
154 local rms 151 Jy beam−1 Local RMS at 151 MHz
155 peak flux 151 Jy beam−1 Peak flux density at 151 MHz
156 err peak flux 151 Jy beam−1 Fitting error on peak flux density at 151 MHz
157 int flux 151 Jy Integrated flux density at 151 MHz
158 err int flux 151 Jy Fitting error on integrated flux density at 151 MHz
159 a 151 ′′ Major axis of source at 151 MHz
160 b 151 ′′ Minor axis of source at 151 MHz
161 pa 151 ◦ Position angle of source at 151 MHz
162 residual mean 151 Jy beam−1 Mean of residual after source fitting at 151 MHz
163 residual std 151 Jy beam−1 Standard deviation of residual after source fitting at 151 MHz
164 psf a 151 ′′ Major axis of PSF at location of source at 151 MHz
165 psf b 151 ′′ Minor axis of PSF at location of source at 151 MHz
166 psf pa 151 ◦ Position angle of PSF at location of source at 151 MHz
167 background 158 Jy beam−1 Background at 158 MHz
168 local rms 158 Jy beam−1 Local RMS at 158 MHz
169 peak flux 158 Jy beam−1 Peak flux density at 158 MHz
170 err peak flux 158 Jy beam−1 Fitting error on peak flux density at 158 MHz
171 int flux 158 Jy Integrated flux density at 158 MHz
172 err int flux 158 Jy Fitting error on integrated flux density at 158 MHz
173 a 158 ′′ Major axis of source at 158 MHz
174 b 158 ′′ Minor axis of source at 158 MHz
175 pa 158 ◦ Position angle of source at 158 MHz
176 residual mean 158 Jy beam−1 Mean of residual after source fitting at 158 MHz
177 residual std 158 Jy beam−1 Standard deviation of residual after source fitting at 158 MHz
178 psf a 158 ′′ Major axis of PSF at location of source at 158 MHz
179 psf b 158 ′′ Minor axis of PSF at location of source at 158 MHz
180 psf pa 158 ◦ Position angle of PSF at location of source at 158 MHz
181 background 166 Jy beam−1 Background at 166 MHz
182 local rms 166 Jy beam−1 Local RMS at 166 MHz
183 peak flux 166 Jy beam−1 Peak flux density at 166 MHz
184 err peak flux 166 Jy beam−1 Fitting error on peak flux density at 166 MHz
185 int flux 166 Jy Integrated flux density at 166 MHz
186 err int flux 166 Jy Fitting error on integrated flux density at 166 MHz
187 a 166 ′′ Major axis of source at 166 MHz
188 b 166 ′′ Minor axis of source at 166 MHz
189 pa 166 ◦ Position angle of source at 166 MHz
190 residual mean 166 Jy beam−1 Mean of residual after source fitting at 166 MHz
191 residual std 166 Jy beam−1 Standard deviation of residual after source fitting at 166 MHz
192 psf a 166 ′′ Major axis of PSF at location of source at 166 MHz
193 psf b 166 ′′ Minor axis of PSF at location of source at 166 MHz
194 psf pa 166 ◦ Position angle of PSF at location of source at 166 MHz
195 background 174 Jy beam−1 Background at 174 MHz
196 local rms 174 Jy beam−1 Local RMS at 174 MHz
197 peak flux 174 Jy beam−1 Peak flux density at 174 MHz
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198 err peak flux 174 Jy beam−1 Fitting error on peak flux density at 174 MHz
199 int flux 174 Jy Integrated flux density at 174 MHz
200 err int flux 174 Jy Fitting error on integrated flux density at 174 MHz
201 a 174 ′′ Major axis of source at 174 MHz
202 b 174 ′′ Minor axis of source at 174 MHz
203 pa 174 ◦ Position angle of source at 174 MHz
204 residual mean 174 Jy beam−1 Mean of residual after source fitting at 174 MHz
205 residual std 174 Jy beam−1 Standard deviation of residual after source fitting at 174 MHz
206 psf a 174 ′′ Major axis of PSF at location of source at 174 MHz
207 psf b 174 ′′ Minor axis of PSF at location of source at 174 MHz
208 psf pa 174 ◦ Position angle of PSF at location of source at 174 MHz
209 background 181 Jy beam−1 Background at 181 MHz
210 local rms 181 Jy beam−1 Local RMS at 181 MHz
211 peak flux 181 Jy beam−1 Peak flux density at 181 MHz
212 err peak flux 181 Jy beam−1 Fitting error on peak flux density at 181 MHz
213 int flux 181 Jy Integrated flux density at 181 MHz
214 err int flux 181 Jy Fitting error on integrated flux density at 181 MHz
215 a 181 ′′ Major axis of source at 181 MHz
216 b 181 ′′ Minor axis of source at 181 MHz
217 pa 181 ◦ Position angle of source at 181 MHz
218 residual mean 181 Jy beam−1 Mean of residual after source fitting at 181 MHz
219 residual std 181 Jy beam−1 Standard deviation of residual after source fitting at 181 MHz
220 psf a 181 ′′ Major axis of PSF at location of source at 181 MHz
221 psf b 181 ′′ Minor axis of PSF at location of source at 181 MHz
222 psf pa 181 ◦ Position angle of PSF at location of source at 181 MHz
223 background 189 Jy beam−1 Background at 189 MHz
224 local rms 189 Jy beam−1 Local RMS at 189 MHz
225 peak flux 189 Jy beam−1 Peak flux density at 189 MHz
226 err peak flux 189 Jy beam−1 Fitting error on peak flux density at 189 MHz
227 int flux 189 Jy Integrated flux density at 189 MHz
228 err int flux 189 Jy Fitting error on integrated flux density at 189 MHz
229 a 189 ′′ Major axis of source at 189 MHz
230 b 189 ′′ Minor axis of source at 189 MHz
231 pa 189 ◦ Position angle of source at 189 MHz
232 residual mean 189 Jy beam−1 Mean of residual after source fitting at 189 MHz
233 residual std 189 Jy beam−1 Standard deviation of residual after source fitting at 189 MHz
234 psf a 189 ′′ Major axis of PSF at location of source at 189 MHz
235 psf b 189 ′′ Minor axis of PSF at location of source at 189 MHz
236 psf pa 189 ◦ Position angle of PSF at location of source at 189 MHz
237 background 197 Jy beam−1 Background at 197 MHz
238 local rms 197 Jy beam−1 Local RMS at 197 MHz
239 peak flux 197 Jy beam−1 Peak flux density at 197 MHz
240 err peak flux 197 Jy beam−1 Fitting error on peak flux density at 197 MHz
241 int flux 197 Jy Integrated flux density at 197 MHz
242 err int flux 197 Jy Fitting error on integrated flux density at 197 MHz
243 a 197 ′′ Major axis of source at 197 MHz
244 b 197 ′′ Minor axis of source at 197 MHz
245 pa 197 ◦ Position angle of source at 197 MHz
246 residual mean 197 Jy beam−1 Mean of residual after source fitting at 197 MHz
247 residual std 197 Jy beam−1 Standard deviation of residual after source fitting at 197 MHz
248 psf a 197 ′′ Major axis of PSF at location of source at 197 MHz
249 psf b 197 ′′ Minor axis of PSF at location of source at 197 MHz
250 psf pa 197 ◦ Position angle of PSF at location of source at 197 MHz
251 background 204 Jy beam−1 Background at 204 MHz
252 local rms 204 Jy beam−1 Local RMS at 204 MHz
253 peak flux 204 Jy beam−1 Peak flux density at 204 MHz
254 err peak flux 204 Jy beam−1 Fitting error on peak flux density at 204 MHz
255 int flux 204 Jy Integrated flux density at 204 MHz
256 err int flux 204 Jy Fitting error on integrated flux density at 204 MHz
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257 a 204 ′′ Major axis of source at 204 MHz
258 b 204 ′′ Minor axis of source at 204 MHz
259 pa 204 ◦ Position angle of source at 204 MHz
260 residual mean 204 Jy beam−1 Mean of residual after source fitting at 204 MHz
261 residual std 204 Jy beam−1 Standard deviation of residual after source fitting at 204 MHz
262 psf a 204 ′′ Major axis of PSF at location of source at 204 MHz
263 psf b 204 ′′ Minor axis of PSF at location of source at 204 MHz
264 psf pa 204 ◦ Position angle of PSF at location of source at 204 MHz
265 background 212 Jy beam−1 Background at 212 MHz
266 local rms 212 Jy beam−1 Local RMS at 212 MHz
267 peak flux 212 Jy beam−1 Peak flux density at 212 MHz
268 err peak flux 212 Jy beam−1 Fitting error on peak flux density at 212 MHz
269 int flux 212 Jy Integrated flux density at 212 MHz
270 err int flux 212 Jy Fitting error on integrated flux density at 212 MHz
271 a 212 ′′ Major axis of source at 212 MHz
272 b 212 ′′ Minor axis of source at 212 MHz
273 pa 212 ◦ Position angle of source at 212 MHz
274 residual mean 212 Jy beam−1 Mean of residual after source fitting at 212 MHz
275 residual std 212 Jy beam−1 Standard deviation of residual after source fitting at 212 MHz
276 psf a 212 ′′ Major axis of PSF at location of source at 212 MHz
277 psf b 212 ′′ Minor axis of PSF at location of source at 212 MHz
278 psf pa 212 ◦ Position angle of PSF at location of source at 212 MHz
279 background 220 Jy beam−1 Background at 220 MHz
280 local rms 220 Jy beam−1 Local RMS at 220 MHz
281 peak flux 220 Jy beam−1 Peak flux density at 220 MHz
282 err peak flux 220 Jy beam−1 Fitting error on peak flux density at 220 MHz
283 int flux 220 Jy Integrated flux density at 220 MHz
284 err int flux 220 Jy Fitting error on integrated flux density at 220 MHz
285 a 220 ′′ Major axis of source at 220 MHz
286 b 220 ′′ Minor axis of source at 220 MHz
287 pa 220 ◦ Position angle of source at 220 MHz
288 residual mean 220 Jy beam−1 Mean of residual after source fitting at 220 MHz
289 residual std 220 Jy beam−1 Standard deviation of residual after source fitting at 220 MHz
290 psf a 220 ′′ Major axis of PSF at location of source at 220 MHz
291 psf b 220 ′′ Minor axis of PSF at location of source at 220 MHz
292 psf pa 220 ◦ Position angle of PSF at location of source at 220 MHz
293 background 227 Jy beam−1 Background at 227 MHz
294 local rms 227 Jy beam−1 Local RMS at 227 MHz
295 peak flux 227 Jy beam−1 Peak flux density at 227 MHz
296 err peak flux 227 Jy beam−1 Fitting error on peak flux density at 227 MHz
297 int flux 227 Jy Integrated flux density at 227 MHz
298 err int flux 227 Jy Fitting error on integrated flux density at 227 MHz
299 a 227 ′′ Major axis of source at 227 MHz
300 b 227 ′′ Minor axis of source at 227 MHz
301 pa 227 ◦ Position angle of source at 227 MHz
302 residual mean 227 Jy beam−1 Mean of residual after source fitting at 227 MHz
303 residual std 227 Jy beam−1 Standard deviation of residual after source fitting at 227 MHz
304 psf a 227 ′′ Major axis of PSF at location of source at 227 MHz
305 psf b 227 ′′ Minor axis of PSF at location of source at 227 MHz
306 psf pa 227 ◦ Position angle of PSF at location of source at 227 MHz
307 int flux fit 200 Jy Fitted flux density at 200 MHz
308 err int flux fit 200 Jy Error on fitted flux density at 200 MHz
309 alpha – Fitted spectral index assuming a power-law SED
310 err alpha – Error on fitted spectral index
311 reduced chi2 – Reduced χ2 statistic for power-law SED fit
CList of column headings in the
peaked-spectrum catalogueues
The column numbers, names, and units for the tables presenting the different peaked-
spectrum source samples from Chapter 5 are outlined below. The tables are available
online1. The optically thick spectral index is not presented for sources that have a spectral
peak below 100 MHz due to the large uncertainty in the values. The parameters derived
from the generic curvature model of Equation 5.3, such as Sp, νp, αthin, and αthick, are
not reported for the GPS sample, convex source sample, and for the sources that peak
below 72 MHz. Redshift values are not listed for sources that peak below 72 MHz or the
convex source sample. Note that all of the sub-band GLEAM flux densities are presented
but only flux densities that had a S/N> 3 are used in the spectral fitting and plotted in the
corresponding source spectra.
The number references in the table correspond to the following studies: (0) Browne,
Savage & Bolton (1975); (1) Jauncey et al. (1978); (2) Hunstead, Murdoch & Shobbrook
(1978); (3) Wright et al. (1979); (4) Fricke, Kollatschny & Witzel (1983); (5) Wright,
Ables & Allen (1983); (6) Jauncey et al. (1984); (7) Chu, Zhu & Butcher (1986); (8)
Stickel, Fried & Kuehr (1989); (9) Hewitt & Burbidge (1989); (10) Thompson, Djorgovski
& de Carvalho (1990); (11) Wright & Otrupcek (1990); (12) Hewitt & Burbidge (1991);
(13) NED; (14) Singal (1993); (15) Tadhunter et al. (1993); (16) Stickel, Meisenheimer
& Kuehr (1994); (17) Heckman et al. (1994); (18) Osmer, Porter & Green (1994); (19)
Cersosimo et al. (1994); (20) di Serego-Alighieri et al. (1994); (21) de Vries, Barthel & Hes
(1995); (22) Lawrence et al. (1995); (23) Fisher et al. (1995); (24) Maza et al. (1995b); (25)
Maza et al. (1995a); (26) Stickel et al. (1996); (27) McCarthy et al. (1996); (28) Snellen
et al. (1996); (29) Marcha et al. (1996); (30) Zickgraf et al. (1997); (31) Roettgering et al.
(1997); (32) Wiklind & Combes (1997); (33) O’Dea & Baum (1997); (34) Halpern &
Eracleous (1997); (35) Drinkwater et al. (1997); (36) Carilli et al. (1998); (37) de Vries
et al. (1998); (38) Kapahi et al. (1998); (39) Stern et al. (1999); (40) Tonry & Kochanek
(1999); (41) van Breugel et al. (1999); (42) Best, Ro¨ttgering & Lehnert (1999); (43) de
Vries et al. (2000); (44) Willott, Rawlings & Jarvis (2000); (45) Ellison et al. (2001); (46)
De Breuck et al. (2001); (47) Jackson et al. (2002); (48) Snellen et al. (2002); (49) Colless
et al. (2001); (50) Halpern, Eracleous & Mattox (2003); (51) Drake et al. (2003); (52) Liang
1The tables are available via The Astrophysical Journal and VizieR.
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& Liu (2003); (53) Best et al. (2003); (54) Heidt et al. (2004); (55) Sowards-Emmerd et al.
(2004); (56) Croom et al. (2004); (57) Abazajian et al. (2004); (58) Sowards-Emmerd et al.
(2005); (59) Rupke, Veilleux & Sanders (2005); (60) Adelman-McCarthy et al. (2006);
(61) Tinti & de Zotti (2006); (62) Burgess & Hunstead (2006b); (63) Barnes et al. (2001);
(64) Cannon et al. (2006); (65) Labiano et al. (2007); (66) de Vries et al. (2007); (67)
Adelman-McCarthy et al. (2008); (68) Healey et al. (2008); (69) Brookes et al. (2008); (70)
Holt, Tadhunter & Morganti (2008); (71) Gendre & Wall (2008); (72) Mauch & Sadler
(2007); (73) Richards et al. (2009); (74) Bryant et al. (2009); (75) Schneider et al. (2010);
(76) Meisner & Romani (2010); (77) Wen, Han & Liu (2010); (78) Down et al. (2010);
(79) Drinkwater et al. (2010); (80) Noterdaeme, Srianand & Mohan (2010); (81) Hewett
& Wild (2010); (82) Ellison et al. (2010); (83) Bergeron, Boisse´ & Me´nard (2011); (84)
Titov et al. (2011); (85) Mahony et al. (2011); (86) Chand & Gopal-Krishna (2012); (87)
Zafar, Popping & Pe´roux (2013); (88) Farnes et al. (2014); (89) Best & Heckman (2012).
Number Name Unit Description
1 GLEAM name – Name of the source in the GLEAM extragalactic catalogue
2 GLEAM Right ascension degrees Right ascension of the source in the GLEAM extragalactic catalogue
3 GLEAM Declination degrees Declination of the source in the GLEAM extragalactic catalogue
4 Sp Jy Flux density at the spectral peak
5 ∆Sp Jy Uncertainty in the spectral peak flux density
6 νp MHz Frequency of the spectral peak
7 ∆νp MHz Uncertainty in the spectral peak frequency
8 αthin – Optically thin spectral index from fitting Equation 5.3
to the entire spectrum
9 ∆αthin – Uncertainty in the optically thin spectral index
10 αthick – Optically thick spectral index from fitting Equation 5.3
to the entire spectrum
11 ∆αthick – Uncertainty in the optically thick spectral index
12 αlow – Low frequency spectral index derived from fitting a power-law
to data between 72 and 231 MHz
13 ∆αlow – Uncertainty in the low frequency spectral index
14 αhigh – High frequency spectral index derived from fitting a power-law
to SUMSS and/or NVSS flux density point(s) and
to GLEAM data at 189 and 212 MHz
15 ∆αhigh – Uncertainty in the high frequency spectral index
16 q – Curvature parameter derived from fitting Equation 5.2
to only the GLEAM data
17 ∆q – Uncertainty in the curvature parameter
18 z – Spectroscopic redshift
19 Ref. z – Reference for the reported spectroscopic redshift
20 S200MHz,wide Jy Integrated flux density measurement of the source
in the GLEAM wideband image
21 ∆S200MHz,wide Jy Uncertainty in the GLEAM wideband flux density measurement
22 VLSSr Right ascension degrees Right ascension of the source in VLSSr
23 VLSSr Declination degrees Declination of the source in VLSSr
24 SVLSSr Jy VLSSr flux density at 74 MHz
25 ∆SVLSSr Jy Uncertainty in the VLSSr flux density measurement,
convolved with calibration uncertainty
26 TGSS-ADR1 name – Name of the source in TGSS-ADR1
27 TGSS-ADR1 Right ascension degrees Right ascension of the source in TGSS-ADR1
28 TGSS-ADR1 Declination degrees Declination of the source in TGSS-ADR1
29 STGSS Jy TGSS-ADR1 flux density at 150 MHz
30 ∆STGSS Jy Uncertainty in the TGSS-ADR1 flux density measurement
31 MRC name – Name of the source in MRC
32 MRC Right ascension degrees Right ascension of the source in MRC
33 MRC Declination degrees Declination of the source in MRC
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34 SMRC Jy MRC flux density at 408 MHz
35 ∆SMRC Jy Uncertainty in the MRC flux density measurement,
convolved with calibration uncertainty
36 SUMSS Right ascension degrees Right ascension of the source in SUMSS
37 SUMSS Declination degrees Declination of the source in SUMSS
38 SSUMSS Jy SUMSS flux density at 843 MHz
39 ∆SSUMSS Jy Uncertainty in the SUMSS flux density measurement,
convolved with calibration uncertainty
40 NVSS Right ascension degrees Right ascension of the source in NVSS
41 NVSS Declination degrees Declination of the source in NVSS
42 SNVSS Jy NVSS flux density at 1.4 GHz
43 ∆SNVSS Jy Uncertainty in the NVSS flux density measurement,
convolved with calibration uncertainty
44 S76 Jy Integrated flux density at 76 MHz
from the GLEAM extragalactic catalogue
45 ∆S76 Jy Uncertainty in the integrated flux density at 76 MHz,
which is the convolution of fitting and systematic errors
46 S84 Jy Integrated flux density at 84 MHz
from the GLEAM extragalactic catalogue
47 ∆S84 Jy Uncertainty in the integrated flux density at 84 MHz,
which is the convolution of fitting and systematic errors
48 S92 Jy Integrated flux density at 92 MHz
from the GLEAM extragalactic catalogue
49 ∆S92 Jy Uncertainty in the integrated flux density at 92 MHz,
which is the convolution of fitting and systematic errors
50 S99 Jy Integrated flux density at 99 MHz
from the GLEAM extragalactic catalogue
51 ∆S99 Jy Uncertainty in the integrated flux density at 99 MHz,
which is the convolution of fitting and systematic errors
52 S107 Jy Integrated flux density at 107 MHz
from the GLEAM extragalactic catalogue
53 ∆S107 Jy Uncertainty in the integrated flux density at 107 MHz,
which is the convolution of fitting and systematic errors
54 S115 Jy Integrated flux density at 115 MHz
from the GLEAM extragalactic catalogue
55 ∆S115 Jy Uncertainty in the integrated flux density at 115 MHz,
which is the convolution of fitting and systematic errors
56 S122 Jy Integrated flux density at 122 MHz
from the GLEAM extragalactic catalogue
57 ∆S122 Jy Uncertainty in the integrated flux density at 122 MHz,
which is the convolution of fitting and systematic errors
58 S130 Jy Integrated flux density at 130 MHz
from the GLEAM extragalactic catalogue
59 ∆S130 Jy Uncertainty in the integrated flux density at 130 MHz,
which is the convolution of fitting and systematic errors
60 S143 Jy Integrated flux density at 143 MHz
from the GLEAM extragalactic catalogue
61 ∆S143 Jy Uncertainty in the integrated flux density at 143 MHz,
which is the convolution of fitting and systematic errors
62 S151 Jy Integrated flux density at 151 MHz
from the GLEAM extragalactic catalogue
63 ∆S151 Jy Uncertainty in the integrated flux density at 151 MHz,
which is the convolution of fitting and systematic errors
64 S158 Jy Integrated flux density at 158 MHz
from the GLEAM extragalactic catalogue
65 ∆S158 Jy Uncertainty in the integrated flux density at 158 MHz,
which is the convolution of fitting and systematic errors
66 S166 Jy Integrated flux density at 166 MHz
from the GLEAM extragalactic catalogue
67 ∆S166 Jy Uncertainty in the integrated flux density at 166 MHz,
which is the convolution of fitting and systematic errors
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68 S174 Jy Integrated flux density at 174 MHz
from the GLEAM extragalactic catalogue
69 ∆S174 Jy Uncertainty in the integrated flux density at 174 MHz,
which is the convolution of fitting and systematic errors
70 S181 Jy Integrated flux density at 181 MHz
from the GLEAM extragalactic catalogue
71 ∆S181 Jy Uncertainty in the integrated flux density at 181 MHz,
which is the convolution of fitting and systematic errors
72 S189 Jy Integrated flux density at 189 MHz
from the GLEAM extragalactic catalogue
73 ∆S189 Jy Uncertainty in the integrated flux density at 189 MHz,
which is the convolution of fitting and systematic errors
74 S197 Jy Integrated flux density at 197 MHz
from the GLEAM extragalactic catalogue
75 ∆S197 Jy Uncertainty in the integrated flux density at 197 MHz,
which is the convolution of fitting and systematic errors
76 S204 Jy Integrated flux density at 204 MHz
from the GLEAM extragalactic catalogue
77 ∆S204 Jy Uncertainty in the integrated flux density at 204 MHz,
which is the convolution of fitting and systematic errors
78 S212 Jy Integrated flux density at 212 MHz
from the GLEAM extragalactic catalogue
79 ∆S212 Jy Uncertainty in the integrated flux density at 212 MHz,
which is the convolution of fitting and systematic errors
80 S220 Jy Integrated flux density at 220 MHz
from the GLEAM extragalactic catalogue
81 ∆S220 Jy Uncertainty in the integrated flux density at 220 MHz,
which is the convolution of fitting and systematic errors
82 S227 Jy Integrated flux density at 227 MHz
from the GLEAM extragalactic catalogue
83 ∆S277 Jy Uncertainty in the integrated flux density at 227 MHz,
which is the convolution of fitting and systematic errors
DSpectra of the sources in the
peaked-spectrum samples
D.1 Spectra of the peaked-spectrum sources in the high
and low frequency samples
Presented below are the spectra for all the sources that are in the high and low frequency
peaked-spectrum samples identified in Chapter 5. In all cases, the GLEAM survey and
NVSS / SUMSS data are presented. If the source also has a MRC, TGSS-ARD1, or VLSSr
counterpart, as assessed using the cross-matching routine detailed in Section 5.3, the flux
density from the respective survey is also presented. Over-plotted on each spectrum is the
best fit of the general curved model of Equation 5.3 to only the GLEAM, MRC, NVSS,
and/or SUMSS data. For most sources, this model is an accurate description of the spectrum
but for ≈ 10% of sources it provides non-physical fits (e.g. GLEAM J032320+053413).
The location of the source in the colour-colour phase space of Figure 5.2 is shown by a
blue circle in the inset plot to the top-right hand corner of all spectral figures.
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Figure D.1: Spectra of the sources in the high and low peaked-spectrum samples. The purple upward-
pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle,
and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC,
SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3 to only the
only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum samples. The purple
upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-pointing
triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1,
MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3 to only
the only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The
plot inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
APPENDIX D. SPECTRA OF THE SOURCES IN THE PEAKED-SPECTRUM SAMPLES 215
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
F
lu
x
D
en
si
ty
(J
y)
GLEAM J092708-670409
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.8
0.9
1
2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J092827-701519
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
F
lu
x
D
en
si
ty
(J
y)
GLEAM J092828-271701
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J092835-344155
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093013+014910
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093124-331504
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.7
0.8
0.9
1
2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093234-300152
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093304-194933
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093335-100932
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
2
3
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093340-321935
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093416+065110
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093430+030541
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093433+193943
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.6
0.7
0.8
0.9
1
2
3
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093511-282030
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093529-693731
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093608-124427
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
7× 10−2
8× 10−2
9× 10−2
0.1
0.2
0.3
0.4
0.5
0.6
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093637+264623
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.5
0.6
0.7
0.8
0.9
1
2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093854-110312
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
F
lu
x
D
en
si
ty
(J
y)
GLEAM J093944+030419
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J094010-242720
Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
APPENDIX D. SPECTRA OF THE SOURCES IN THE PEAKED-SPECTRUM SAMPLES 246
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232003-094128
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232107-525602
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232125-375832
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232316-264003
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232343-335022
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
2
3
4
5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232503-405129
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232504-390938
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
7× 10−2
8× 10−2
9× 10−2
0.1
0.2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232619-315924
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
2
3
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232640-684035
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232917-541319
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J232928-493838
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233008-270842
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233117-160049
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
8× 10−2
9× 10−2
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233158-461033
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.8
0.9
1
2
3
4
5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233343-305753
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
7× 10−2
8× 10−2
9× 10−2
0.1
0.2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233431-585637
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.5
0.6
0.7
0.8
0.9
1
2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233445-623537
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233502-773241
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233516-614126
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
8× 10−2
9× 10−2
0.1
0.2
0.3
0.4
0.5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J233627-324316
Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
APPENDIX D. SPECTRA OF THE SOURCES IN THE PEAKED-SPECTRUM SAMPLES 248
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
F
lu
x
D
en
si
ty
(J
y)
GLEAM J235902-082200
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
8× 10−2
9× 10−2
0.1
0.2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J235956-524215
Figure D.1: (continued) Spectra of the sources in the high and low peaked-spectrum frequency samples. The
purple upward-pointing triangle, red circles, blue square, green leftward-pointing triangle, brown rightward-
pointing triangle, and navy downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-
ADR1, MRC, SUMSS, and NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3
to only the GLEAM, MRC, NVSS, and/or SUMSS flux density points is shown by the black curve. The plot
inset in the top-right corner displays the position of the source in the colour-colour diagram of Figure 5.2
using a blue circle.
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D.2 Spectra of the sources in the GPS sample
Presented below are the spectra for all the sources that are in the GPS sample identified in the main body
of this paper. In all cases, the GLEAM survey and NVSS / SUMSS data are presented. If the source also
has a MRC, TGSS-ARD1, or VLSSr counterpart, as assessed using the cross-matching routine detailed in
Section 5.3, the flux density from the respective survey is also presented. Over-plotted on each spectrum is
the best fit of the power-law model of Equation 5.1 to only the GLEAM, MRC, NVSS, and/or SUMSS data.
The location of the source in the colour-colour phase space of Figure 5.2 is shown by a blue circle in the
inset plot to the top-left hand corner of all spectral figures.
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Figure D.2: Spectra of the sources in the GPS sample. The purple upward-pointing triangle, red circles, blue
square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy downward-pointing
triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and NVSS, respectively.
The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC, NVSS, and/or SUMSS
flux density points is shown by the orange line. The plot inset in the top-left corner displays the position of
the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
APPENDIX D. SPECTRA OF THE SOURCES IN THE PEAKED-SPECTRUM SAMPLES 259
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J152237-273008
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
F
lu
x
D
en
si
ty
(J
y)
GLEAM J153816+001904
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J154301-075710
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
2
F
lu
x
D
en
si
ty
(J
y)
GLEAM J154609+002624
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
F
lu
x
D
en
si
ty
(J
y)
GLEAM J155002-383232
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
F
lu
x
D
en
si
ty
(J
y)
GLEAM J155941-244237
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J160000-003728
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
F
lu
x
D
en
si
ty
(J
y)
GLEAM J160056-072203
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J160401-222337
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.5
0.6
0.7
0.8
0.9
1
2
3
4
5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J160913+264129
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
F
lu
x
D
en
si
ty
(J
y)
GLEAM J161620+270300
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J161631-710836
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.8
0.9
1
2
3
4
F
lu
x
D
en
si
ty
(J
y)
GLEAM J172341-650033
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
2
3
4
5
F
lu
x
D
en
si
ty
(J
y)
GLEAM J172650-552933
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.5
0.6
0.7
0.8
0.9
1
2
3
4
5
6
7
8
9
F
lu
x
D
en
si
ty
(J
y)
GLEAM J174425-514437
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J175417+045941
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.4
0.5
0.6
0.7
0.8
0.9
1
2
3
4
F
lu
x
D
en
si
ty
(J
y)
GLEAM J183538-714958
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
F
lu
x
D
en
si
ty
(J
y)
GLEAM J183809-645414
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
F
lu
x
D
en
si
ty
(J
y)
GLEAM J184855-374524
70 80 100 200 300 400 500 600 800 1000
Frequency (MHz)
0.2
0.3
0.4
0.5
0.6
F
lu
x
D
en
si
ty
(J
y)
GLEAM J185700-532451
Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in the GPS sample. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the power-law spectral model of Equation 5.1 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the orange line. The plot inset in the top-left corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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D.3 Spectra of the sources that have a spectral peak below 72 MHz
Presented below are the spectra for the 36 sources that have a spectral peak below 72 MHz, q < −0.2, and
a signal-to-noise greater than 100 in the GLEAM wideband image, as detailed in Section 5.5.3 of Chapter
5. In all cases, the GLEAM survey and NVSS / SUMSS data are presented. If the source also has a MRC,
TGSS-ARD1, or VLSSr counterpart, as assessed using the cross-matching routine detailed in Section 5.3,
the flux density from the respective survey is also presented. Over-plotted on each spectrum is the best fit of
the power-law model of Equation 5.3 to only the GLEAM, MRC, NVSS, and/or SUMSS data. The location
of the source in the colour-colour phase space of Figure 5.2 is shown by a blue circle in the inset plot to the
top-right hand corner of all spectral figures.
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Figure D.2: Spectra of the sources in that have a spectral peak below 72 MHz, q < −0.2, and a signal-to-
noise greater than 100 in the GLEAM wideband image. The purple upward-pointing triangle, red circles, blue
square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy downward-pointing
triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and NVSS, respectively.
The fit of the generic curved spectral model of Equation 5.3 to only the GLEAM, MRC, NVSS, and/or
SUMSS flux density points is shown by the black curve. The plot inset in the top-right corner displays the
position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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Figure D.2: (continued) Spectra of the sources in that have a spectral peak below 72 MHz, q < −0.2, and
a signal-to-noise greater than 100 in the GLEAM wideband image. The purple upward-pointing triangle,
red circles, blue square, green leftward-pointing triangle, brown rightward-pointing triangle, and navy
downward-pointing triangle represent data points from VLSSr, GLEAM, TGSS-ADR1, MRC, SUMSS, and
NVSS, respectively. The fit of the generic curved spectral model of Equation 5.3 to only the GLEAM, MRC,
NVSS, and/or SUMSS flux density points is shown by the black curve. The plot inset in the top-right corner
displays the position of the source in the colour-colour diagram of Figure 5.2 using a blue circle.
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